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ABSTRACT 
Industry selection for efficient production of lean product is likely to continue.  
However, the ramifications of intense selection in previous breeding schemes have led to 
a more balanced approach of more recent breeding programs which incorporate 
indicators of meat quality.  A large-scale selection project for increased intramuscular fat 
percentage (IMF) was initiated in 1998.  Forty Duroc gilts were purchased from U.S. 
breeders and randomly mated for 2 generations to boars available in regional boar studs 
to develop a base population of 56 litters.  Littermate pairs of gilts from this population 
were randomly assigned to either a select line (SL) or control line (CL) and mated to the 
same boar to establish genetic ties between lines.  In the SL, the top 10 boars and 75 gilts 
were selected based on IMF EBV obtained from a bivariate animal model that included 
IMF evaluated on the carcass and IMF predicted via ultrasound.  One boar from each sire 
family and 50 to 60 gilts representing all sire families were randomly selected to maintain 
the CL.  The objectives of this thesis were three-fold.  The primary objective was to 
evaluate the efficacy of selection for IMF in a population of purebred Duroc swine using 
real-time ultrasound as determined by direct genetic and phenotypic response.  Secondly, 
the correlated responses in measures of growth performance, carcass composition, meat 
quality, and sensory attributes were evaluated and genetic relationships among traits were 
estimated.  The final objective was to examine previously described and novel genetic 
variants within candidate genes for IMF deposition to evaluate potential use of genetic 
markers in marker-assisted selection (MAS) schemes.  Through 6 generations of 
selection, an 88% improvement in IMF has been realized (4.53% in SL vs. 2.41% in CL).  
Results of this study revealed no significant correlated responses in measures of growth 
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performance.  Results also imply that genetic selection for increased intramuscular fat 
percentage has altered the relative rates of daily accretion of backfat, loin muscle area, 
and IMF, as well as yielded decreased loin muscle area and increased backfat at off-test.  
Additionally, the SL obtained more desirable objective measures of tenderness and 
sensory evaluations of flavor and off-flavor.  Meat quality characteristics of pH, water 
holding capacity, and percent cooking loss were not significantly affected by selection for 
IMF.  Intramuscular fat measures obtained on the carcass and predicted using ultrasound 
technology were highly correlated (rg = 0.86).  A significant (P < 0.05) amount of 
phenotypic variation in intramuscular fat within the control line was described by the 
melanocortin-4 receptor (MC4R) genotype and a novel polymorphism within the heart 
fatty acid binding protein gene (FABP3).  However, genotype effects were not significant 
within the select line for any of the candidate genes  Existence of MC4R and FABP3 
mutations may be useful markers in MAS schemes aimed at IMF improvement, provided 
that gene effects are segregating and the presence of an association is detected within the 
population.  Variations in gene effects between lines found in this study indicate that 
possible epistatic effects within different background genomes exist among different 
swine populations.  Selection for IMF is effective, but may be associated with genetic 
ramifications for carcass composition traits.  Intramuscular fat may be used in swine 
breeding programs as an indicator trait for sensory traits which influence consumer 
acceptance; however, rapid improvement should not be expected when simultaneous 
improvement in other trait categories is also pursued. 
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CHAPTER 1.  
 
GENERAL INTRODUCTION 
 
Genetic change is not complicated to achieve, and many times occurs without 
intention.  On the other hand, genetic improvement is a more evasive task, particularly as 
determined by a comparison of favorable and undesired change.  The amount of genetic 
improvement that can be attained is determined by population parameters such as 
heritability, variation, accuracy of selection, and generation interval.  
Due to an increasingly volatile and competitive global hog market, producers 
constantly struggle with the issue of how to create a pork industry that is economically 
viable.  In turn, selection schemes initiated by breeders revolve solely around those traits 
of economic importance.  Thus, pork producers have made tremendous strides toward 
providing a leaner product to the packer, and ultimately, the consumer.   
However, through intensive selection for increased carcass leanness, the swine 
industry has allowed consumer acceptance issues to arise as a result of decreased meat 
quality.  Quality characteristics that play an integral role in consumer acceptance, such as 
intramuscular fat, have decreased as breeders have intensely selected for increased 
leanness (Barton-Gade, 1990; Cameron, 1990). 
In some cases, for traits such as those that are implicated as predictors of 
consumer acceptance, the values associated with the above parameters may limit rapid 
genetic change.  In these situations, a greater opportunity exists for incorporating 
molecular information into genetic improvement programs.  In addition, accurate and 
non-invasive methods to evaluate components of meat quality on the live animal have 
received more attention in breeding programs.  Recent developments in real-time 
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ultrasound technology have allowed accurate prediction of intramuscular fat percentage 
in the live animal (Amin et al., 1997; Newcom et al., 2002) to augment traditional sib and 
progeny testing methods of genetic improvement for IMF. 
However, as introduced earlier, attention must be paid to the potential 
corresponding changes that may occur in traits not under direct selection.  This concept 
has been vastly characterized in recent years within the swine industry where the general 
focus of genetic improvement has shifted from a primary emphasis on efficient 
production of lean product toward a goal that also includes product quality and 
consistency.   
In a recent evaluation representing current industry commercial lines, van Wijk et 
al. (2005) provided significant genetic correlations among composition and muscle 
quality traits, suggesting that changes in carcass composition traits may affect meat 
quality characteristics.  Some of the quality components that have significant genetic 
correlations with tenth-rib backfat thickness include: loin marbling score (0.35), firmness 
(0.25), and ultimate pH (-0.24).  Similarly, carcass lean percentage is also shown to have 
similar genetic relationships.  All of these correlations are antagonistic in nature, and 
some are large enough to create significant problems with meat quality if they are ignored 
in selection schemes aimed at increased carcass leanness. Evaluation of the genetic 
correlations among growth, composition, and quality traits in a current population will 
provide the opportunity to update this information and increase our understanding of 
these genetic relationships.  
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Thesis Organization 
 
 
 This thesis is presented as a general introduction, a literature review, four 
individual manuscripts, and a general summary.  References cited in the general 
introduction and literature review follow the general summary section.  The format of 
each manuscript and corresponding reference citations are in compliance with the 
required style and form used by the journal where the paper is to be submitted (indicated 
under the title of each manuscript).  Each individual paper consists of an abstract or 
summary and four sections: introduction, materials and methods, and results and 
discussion. Those papers to be submitted to the Journal of Animal Science also include 
an implications section.  Literature cited within the papers is listed after the implication 
section of each individual paper. 
 
 
 
 
 
 
 
 
 
 
 
  
4
CHAPTER 2.  
LITERATURE REVIEW 
Marketing Changes within the Pork Industry 
 The 1980s and 1990s have been a time of dramatic changes in swine production 
and marketing.  As the swine industry became more highly specialized, the method by 
which hogs were valued began to evolve.  Within the past quarter century, producers 
have witnessed a wide array of marketing changes- all of which have initiated certain 
subsequent breeding schemes by producers seeking to increase profit margins.  This 
section will discuss those market changes utilized by packers and processors in the 
procurement of hogs. 
 The most dated method of hog value determination was based on a per-head 
negotiated price driven by live weight as a pig crosses the scale (Shepherd et al., 1940).  
This method quickly evolved into a scheme used in Canada and many countries in 
Europe since the 1930s and involved the use of an estimator of leanness on the basis of 
carcass weight and grade.  Raikes et al. (1973) reported that all hogs in Canada during the 
early 1970s were marketed on a grade and weight basis. 
 Shepherd et al. (1940) revealed a fundamental reason for the inaccuracy of hog 
pricing on the basis of live weight.  With this method of procurement, the packer buyer 
was unable to accurately assess carcass value of an individual hog as well as differentiate 
carcass merit differences between lots of hogs.  Another apparent flaw with live weight 
pricing of hogs was that the variation in carcass value well exceeded the variation in price 
paid for individual hogs. 
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 Traditional live pricing of hogs involved one of three methods for determining 
value as described by Raikes et al. (1973).  The first of which was a “live sort” method 
where hogs were weighed and sorted into separate weight and estimated grade groups 
and price was determined accordingly.  Secondly, with the use of a “live average” 
method, a packer buyer would estimate the number of hogs in each weight and grade 
category to negotiate an average price for the entire lot.  The final “adjusted live sort” 
method utilized the same process as the “live sort” method; however, high and low 
quality hogs were sorted and priced separately. 
 Wiley et al. (1951) examined a more accurate method of hog procurement by 
determining a live value that more closely reflected carcass value.  This study found that 
percentage of lean cuts (picnic, ham, loin, and butt) were strongly correlated with carcass 
weight (CW) and average backfat (BF) and concluded that a grid pricing system could be 
useful for more accurately determining carcass value when CW and BF are available. 
 Though only three percent of all hogs marketed in the United States were sold on 
a carcass merit or grade and weight basis (Ikerd and Cramer, 1970), further usefulness of 
this method was revealed when Pearson et al. (1970) determined that the same level of 
accuracy in terms of carcass merit determination could be achieved with only one 
measurement of last rib backfat.  Consequently, a single backfat measure could be 
utilized instead of the average of three measures, and ultimately increase the practicality 
of the procurement system. 
 Interestingly, a survey conducted by Hayenga et al. (1985) revealed that though 
systems of hog pricing were quickly reaching high levels of practical accuracy, only 10 to 
12 percent of producers actually sold hogs on a carcass merit basis.  Few packers actually 
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utilized this information in their pricing methods over the next 15 years, inhibiting 
industry progress toward the production of leaner hogs (Topel, 1986).  This was in part 
due to the fact that some producers were reducing total fat in the market hogs they 
produced, yet didn’t feel that the price incentives were enough to merit continued 
improvement in carcass leanness (Hayenga, 1985). 
 Established marketing systems that enabled packers and processors to offer 
greater incentives for the production of improved carcass leanness were investigated by 
Grisdale et al. (1984).  This work utilized 174 hog carcasses to further develop carcass 
pricing guidelines and found a strong correlation between carcass value and carcass 
weight, 10th rib backfat, and weight of the four lean cuts (r = 0.78, -0.79, and 0.76, 
respectively).  Carcass composition differences could be more accurately assessed on 
line, allowing packers the added confidence to accentuate the incentives offered for 
increased carcass leanness. 
 Recently, the swine industry has witnessed a steady decrease in the marketing of 
hogs on the spot market from 64 percent in 1994 to only 17 percent in 2001 (Smith, 
2001).  Carcass weight and a measure of backfat and/or loin muscle depth has become the 
preferred way to procure hogs over the last decade (McKissick, 1998).  With this change 
in procurement away from live weight pricing, packers and processors have needed fast, 
accurate, and reliable measures to estimate carcass composition.  Today, a large majority 
of hogs are graded by measuring last rib backfat with a steel ruler, backfat and loin 
muscle depth with an optical grading probe, or with the use of an ultrasonic device to 
estimate carcass lean composition.  These methods to estimate carcass composition also 
enable producers to accurately evaluate carcass leanness indicators in breeding stock 
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(Smith, 2001).  With accurate measurement methods, genetic parameters, and a pricing 
system that provides economic incentives for leanness, producers could effectively select 
for enhanced carcass composition and ultimately increase profit margins. 
 
Development of Intramuscular Fat and Other Measures of Carcass Composition 
Sources of variation that contribute to the development of intramuscular fat have 
been investigated, though many specific mechanisms of development have not been 
characterized.  Research has been conducted to describe the cellular and general 
quantitative development of IMF and correlated characters of carcass composition and 
growth.  As it pertains to development of intramuscular fat throughout the pig production 
cycle, an overview of the scientific knowledge base as it relates to the cellular level, 
theoretical quantitative approaches, and actual observed patterns of deposition are 
reviewed in this section.   
Adipose tissue development at the cellular level.   
Early studies (Anderson and Kauffman, 1973) have illustrated that all types of 
porcine adipose tissue (especially subcutaneous and intramuscular) do not develop at the 
same rate.  Though it had been described to this point that fat deposition increases with 
age, Anderson and Kauffman (1976) implicated that rate of lipogenesis is high in the fetal 
animal, decreases dramatically through lactation, and coincides to a substantial increase 
that maximizes at weaning, followed by a gradual decline until maturity.  This 
contradiction to the previous understanding was explained by the balance between 
synthesis and degradation.  A net increase in adipose tissue accumulation can result even 
during a period of decreased fat synthesis if there also exists an even greater decrease in 
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the turnover and catabolism of fatty acids.  Their findings in this study indicated that 
increased carcass adipose tissue of young pigs up to 2 months of age was primarily due to 
increases in cell number (hyperplasia).  From 2 to 5 months of age, pigs exhibited a 
combination of increased hyperplasia and increased cell volume (hypertrophy).  No 
significant increases in hyperplasia were observed beyond 5 months of age, indicating 
that increases in adipose mass from that point on were due to increases in hypertrophy. 
Through data generated from a 6 year research effort, the extensive bulletin of 
Allen et al. (1976) detailed much of the underlying biological aspects involved in adipose 
tissue development.  Depending on factors such as plane of nutrition and age, adipose 
tissue cells vary in size from less than 15 µ m in diameter to over 200 µ m.  The increase 
in number of adipose tissue cells (hyperplasia) does not usually dictate the mass amount 
of fat deposited because increased cell size (hypertrophy) is primarily responsible for 
volume increases.  Approximately 45 percent of total adipose cells are intramuscular, 
though less than 15 percent of extractable lipid volume is accounted for by this 
component.  On the other hand, approximately 74 percent of extractable lipid content is 
located subcutaneously and is contained in only 46 percent of the total adipose tissue 
cells.  This supports the concept that cell hypertrophy contributes more to the total mass 
of lipid than does hyperplasia.   
In a more recent investigation involving Large White × Duroc pigs, Damon et al. 
(2006) also observed the aforementioned concept of an increase in cell number as a 
significant indicator of intramuscular fat level.  Two different lines representing high and 
low levels of intramuscular fat were used to evaluate various possible biological 
mechanisms to describe variation in intramuscular fat content.  In this study, a significant 
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amount of variation in intramuscular fat could be described by adipocyte number (R2 = 
0.47).  This result was not found for adipocyte size. 
Theoretical approaches to growth of body components. 
There have been two general approaches to describing the growth and 
development of livestock.  The first of which is by the application of theory and the 
second is using direct experimentation.  The evaluation of growth patterns will be 
discussed following that of the prominent recent literature involving the theoretical 
modeling of growth.   
 The concept of “potential” growth is discussed by Emmans and Kyriazakis (1999) 
in The Quantitative Biology of the Pig.  The growth curve of a pig is described as the 
relationship of live weight and age and takes on a sigmoid form.  This form illustrates 
that growth rate must increase from a low value at an early age towards a maximum value 
as the pig gets bigger and must decline and approach zero as the pig progresses toward 
maturity.  The slope of this relationship at a particular point of age describes the rate at 
which the pig is depositing live weight.  Emmans and Kyriazakis (1999) implicate that 
this form describes the potential growth of a pig and actual deviations from this shape 
represent deficiencies in the nutritional plane or environment the individual is exposed to.  
Additionally, the potential growth curves of chemical components of the pig (protein, 
water, and lipid) should follow a similar shape to that of the relationship between weight 
and age, provided that non-limiting conditions are provided.  In order to predict the 
growth of each of the chemical components of an individual pig, the mature size and rate 
of maturity for each of the components is needed.  A set of parameters was also reported 
to describe the potential growth of a pig and include: mature protein weight (P), the level 
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of fat at maturity (LPR), and the rate parameter (B).  These parameters will then change 
as selection is applied to various traits.  Selection for increased weight at a specific age 
will increase both P and B.  However, selection for leanness at a weight will decrease 
LPR, as animals with higher values of this parameter will be fatter regardless of weight.  
Finally, Emmans and Kyriazakis (1999) implicated that using the parameters for potential 
growth of chemical components in selection programs has the advantage that they 
connect the growth of an individual with its requirements for the energy and nutrients of 
feed resources.   
 Knap et al. (2003) used the above approach to characterize pig genotypes using 
different growth parameters.  Results from this investigation indicated that prediction of 
deposition of protein and lipid requires detailed specification of model parameters that 
describe body maintenance, and potential growth of body protein and lipid.  Depending 
on the environment in which the predictions are made, two to four different parameters 
are specified.  This type of approach to characterize and predict deposition of protein and 
lipid may provide an alternative to more expensive serial slaughter experiments typically 
used to evaluate such deposition rates and accretion patterns. 
Observed rates and patterns of backfat and loin muscle area deposition.   
As discussed earlier, pricing of hogs on the basis of grade and yield has occurred 
for many decades.  For this reason, the economic importance lean percentage and growth 
rate have led to extensive evaluation of the growth and development of the specific 
components of lean gain in swine.  This section will review major publications 
specifically dealing with the deposition rates and patterns of loin muscle area and backfat. 
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In an early study evaluating the deposition rate of backfat, Hetzer et al. (1956) 
found a significant linear increase in fat depth for barrows, gilts, and boars.  A metal 
probe was used to determine rates of deposition in hogs from 68 to 102 kg.  In this 
population, backfat increased linearly at a rate of 0.066 mm/kg in barrows, 0.048 mm/kg 
in gilts, and 0.051 mm/kg in boars.   
Noffsinger et al. (1959) evaluated fat deposition in four inbred lines of swine.  
Backfat was measured at 11 kg increments starting at 45 kg until slaughter at weights 
ranging from 73 to 86 kg.  A Lean Meter was used to measure backfat along the midline 
of the animal at the shoulder, mid-lumbar, and over the ham.  Regression analysis 
procedures indicated that across the four lines, 75% of the variation in backfat was 
attributable to body weight.  They determined deposition of backfat was nearly linear 
over the weight range evaluated.   
Quijandra and Robison (1971) conducted  a study to examine body weight and 
backfat deposition rates in purebred Duroc and Yorkshire swine.  Weights and backfat 
measurements were taken every seven days from 119 to 154 days of age.  Linear 
regression of backfat on weight revealed slightly different curves for each breed, sex, and 
breed-sex subgroups.  However, they concluded that correction factors pooled across 
breeds and sexes were sufficient in adjusting backfat to a weight constant basis.   
Ultrasound techniques were used to assess swine fat and muscle deposition in a 
study reported by Mersmann (1982).  Swine were sequentially scanned at 40, 78, and 93 
kg of body weight and deposition rates were calculated using linear regression analysis.  
Growth rates were approximately linear for backfat ranging from 0.17 mm/kg to 0.27 
mm/kg.  A mean loin muscle area deposition rate of 0.27 cm2/kg was reported.   
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Moeller (1990) utilized serial ultrasonic measurements of loin muscle area, fifth-
rib backfat, tenth-rib backfat, last-rib backfat, and last lumbar backfat to assess deposition 
rates.  In this population, loin muscle area deposition rate was 0.286 cm2/kg.  The 
analysis of backfat measurement revealed deposition rates of 0.250 mm/kg at the fifth rib, 
0.241 mm/kg at the tenth rib, 0.167 mm/kg at the last rib, and 0.162 mm/kg at the last 
lumbar location.  The fixed effect of sex was significant in the evaluation of all backfat 
measures, with barrows depositing fat at a faster rate than gilts at all locations.  No 
difference was detected in loin muscle deposition rates between barrows and gilts.   
In a study evaluating performance differences associated with the use of 
electronic versus commercial feeders, Casey (2003) evaluated deposition rates and 
growth patterns of body weight and ultrasonically measured backfat and loin muscle area.  
Yorkshire boars and gilts (n = 475) were weighed on-test at a mean weight of 39.4 kg and 
were weighed and scanned at two week intervals.  Mean body weight at off-test was 
115.8 kg.  Traits were analyzed with the use of a random regression model.  Analysis of 
serially measured traits revealed that gilts on the electronic feeders consumed less feed, 
grew slower, and deposited less backfat and loin muscle area throughout most of the test 
period when compared to boars.  The effect of feeder type was not significant for the 
evaluation of boar growth performance.  Gilts revealed a curvilinear pattern of body 
weight, loin muscle area, and backfat accretion throughout the test period when averaged 
across feeder type.  Boars also had a curvilinear pattern of body weight and loin muscle 
area accretion; however, revealed a linear pattern of backfat deposition throughout the 
test period.   
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Observed rates and patterns of intramuscular fat deposition.  
 Though growth and deposition of traits dealing with lean percentage of swine 
(backfat and loin muscle area) have been well studied and documented, such resources 
are not available in swine for the study of growth and development of intramuscular fat.  
However, due to a market that emphasizes carcass quality, along with earlier availability 
of technology, recent studies to evaluate deposition rates and patterns of marbling and 
percent intramuscular fat have been conducted in beef cattle.   
Ultrasound measures were used in a study by Brethour (2000) to evaluate 
marbling and backfat changes in feedlot cattle.  Serial ultrasound estimates were obtained 
from two genetically diverse groups of cattle fed high-energy rations for averages of 166 
and 148 d.  These measurements were utilized to develop mathematical models to 
describe changes in backfat and marbling as a function of days on feed.  A modified 
power function was used to evaluate changes in marbling through the feeding period.  
This study reported that marbling scores progress at a very slow rate through much of the 
finishing period, while backfat thickness increases exponentially.   
Similar results were reported by Rouse et al. (2003) in a study that evaluated 
deposition rates of rib eye area, backfat, and percent intramuscular fat.  This study 
utilized serial scan measurements of 315 Angus bulls at 28 d intervals.  They concluded 
that while rib eye area and backfat deposition patterns can be sufficiently explained as a 
function of body weight gain, percent intramuscular fat is best described as a function of 
age.  When evaluated on an age basis, percent intramuscular fat increases at a relatively 
constant rate from 220 to 400 days of age.   
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Bruns et al. (2004) evaluated relationships among body weight, body 
composition, and intramuscular fat content in steers with the use of a serial slaughter 
experiment involving two groups (yr 1, n = 40; yr 2, n = 45) of Angus steers of known 
age and parentage.  Steers were allotted to five slaughter groups based on hot carcass 
weight.  Regression analysis was utilized to evaluate the change in carcass characteristics 
and composition as a function of carcass weight.  In this study, degree of marbling 
increased linearly in relation to hot carcass weight.  They concluded that marbling is not a 
late-developing tissue, and develops at a constant rate through the feeding period.   
 
Development and Application of Ultrasound Technology 
 Originally developed for use in human medicine, ultrasound technology has a 
long history of use for non-invasive evaluation of carcass characteristics in livestock.  
The ability to accurately measure these traits in an efficient manner on the live animal has 
allowed the swine industry to make much of the realized progress in carcass composition.  
Recently, much of the methods of ultrasonic evaluation have been utilized for 
determination of muscle quality attributes such as intramuscular fat.  This section will not 
only discuss an overview of the principles involved in the use of ultrasound technology, 
but the primary emphasis is to evaluate literature regarding the application of this 
technology for intramuscular fat determination. 
Ultrasound technology for biological applications was first introduced in the 
1950s, and utilized a single transducer that emitted a singe sound wave into the animal.  
These machines, typically described as A-mode machines, were designed to give a single 
point of reference at a specific anatomical location to estimate the depth of different 
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tissues, namely fat and muscle.  These single transducers have since been combined into 
linear arrays of transducers (B-mode) that ultimately allow estimation of circumference 
and linear distance in well-defined digital images of animal tissue (Moeller, et al., 2002; 
Wilson, 1994).  Through advancements in technology, current machines allow for 
varying levels of sound wave frequency to be emitted through the animal.  This allows 
for higher resolution images to be created at higher frequencies, while lower frequencies 
increase the penetration that can be obtained.   
Wilson (1994) described the process of ultrasonic imaging as it applies to defining 
anatomical boundaries.  Due to the depth of many tissues evaluated in livestock, 
frequencies between 1 and 5 Mhz are generally used and the most common frequencies 
utilized are 3 to 3.5 Mhz.  The underlying mechanisms involve pulses of ultrasound 
produced by a transducer specifically emitted from a linear array of pressure-electric 
crystals.  These pulses are transmitted through a tissue until they reach a tissue interface, 
defined by a change in density.  These different acoustical properties of different tissues 
(such as the interface between fat and muscle) allow a portion of the sound waves to 
continue to penetrate through the lower tissue while the remaining sound waves are 
reflected back to the transducer.  The timing of these reflections are what define the tissue 
barriers seen on a digital image.  Many of the tissue boundaries evaluated on an image 
collected in livestock represent dense surfaces of the skin, the membrane between fat 
layers, the membrane between fat and muscle, and the membrane between muscle and 
bone.   
 The application of real-time ultrasound technology specifically for the evaluation 
of percent intramuscular fat was first performed in beef cattle.  Brethour (1990) devised a 
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subjective scoring system to quantify fat tissue reflections in ultrasonic images of cattle.  
Speckle scores were highly correlated with marbling scores and were successful in 
correctly classifying 70% of carcasses.  Results of this study also suggested that use of 
ultrasound pixel map statistics may reveal parameters to ultimately improve accuracy in 
ultrasound prediction.   
Wilson et al. (2001) utilized over 500 steer carcasses to develop a prediction 
equation for intramuscular fat percentage using a simple regression analysis.  Explanatory 
variables utilized in the analysis were generated from software developed by Amin et al., 
(1997) and included digital image components of fourier transformation, gradient, 
histogram, and co-occurrence matrix parameters.  The resulting prediction equation 
included 9 different parameters generated by the software from a 100 by 100 pixel region 
of the digitized ultrasonic image captured by the Classic Scanner 200.   
 The application of ultrasonic prediction of intramuscular fat was evaluated using a 
dataset of 144 bulls, heifers, and steers by Hassen et al. (1999).  This study evaluated the 
effects of sex, number of images captured, and intramuscular fat level on the repeatability 
and accuracy of prediction.  Results indicated that the overall repeatability of 
ultrasonically predicted intramuscular fat was 0.63.  Measures collected on steers were 
more repeatable than either bulls or heifers.  Also, ultrasonic predictions of animals 
within a category representing a lower level of intramuscular fat were less repeatable 
when compared to animals that had higher levels of intramuscular fat.  This study also 
concluded that increasing the number of images captured per animal (within a scan 
session) plays a more significant role in reducing the standard error of prediction than 
taking multiple measurements within a single image. 
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Hassen et al., (2001) applied the same regression approach to the Aloka 500 
ultrasound machine and developed a separate prediction equation for this machine using 
similar image parameters generated by the computer software of Amin et al. (1997).  
Results of this study indicated that intramuscular fat in beef cattle can be evaluated with 
the use of either ultrasound equipment.  The choice of machine (Classic 200 or Aloka 
500) does not make a significant difference in the accuracy of prediction of intramuscular 
fat when the algorithm described above is utilized.   
The application of this methodology was applied to swine by Ragland (1998).  
This study used cross-sectional and longitudinal images captured on 170 barrows and 130 
gilts prior to harvest with the use of Aloka 500 equipment.  Two hundred of the pigs were 
used to develop 9 different prediction models, while the remaining 100 were used for 
model validation.  Stepwise regression analysis was used to establish prediction models 
that were compared with R2 and RMSE statistics.  Each of the different models evaluated 
included different combinations of the 10 texture analysis parameters generated with 
computer software along with animal live weight, and ultrasonic measurements of 
backfat and loin muscle area.  The most accurate model contained only significant texture 
parameters along with backfat and loin muscle area.  This model revealed a correlation 
between predicted and actual intramuscular fat values of 0.70 and a RMSE of 0.82.  
When carcasses were grouped into six different classes, 71% of the predicted values were 
correctly classified, while all misclassifications corresponded to adjacent classes. 
 Based on methodology described above in beef cattle, Newcom et al. (2002) 
evaluated the accuracy of prediction of intramuscular fat in Duroc swine.  In this study, 
207 purebred Duroc pigs were utilized to develop a prediction model for the Aloka 500 
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ultrasound machine.  The final developed prediction model that described the greatest 
amount of variation in carcass intramuscular fat content (R2 = 0.32; RMSE = 1.02) 
included animal ultrasonic backfat and five image parameters.  The developed model was 
tested in an independent dataset of purebred Duroc and Yorkshire pigs.  The product 
moment correlation between intramuscular fat measured via chemical analysis and 
predicted with the use of ultrasound was 0.60 for the Duroc validation data.  The 
application of the prediction model developed for this population may be used in 
selection programs for improvement of intramuscular fat.  However, the inclusion of 
backfat information (with a positive regression coefficient) may require simultaneous 
selection pressure against backfat. 
 An update to the above model was performed using a greater number of animals 
(n = 770) by Schwab and Baas (2006).  The resulting model did not include backfat 
information, but utilized 9 image parameters.  The corresponding R2 and root mean 
square error for the prediction model were 0.36 and 1.31%, respectively. 
 
Estimates of Genetic Parameters among Economically Relevant Production Traits 
This section will illustrate that an awareness of the estimates of genetic 
parameters for traits that tie together growth performance, carcass composition, meat 
quality, and consumer acceptance are imperative for efficient simultaneous genetic 
improvement of traits in more than one of the above trait categories.  Concurrently, it will 
suggest that complex selection objectives are essential to prevent degradation in meat 
quality and consumer acceptance while selecting to improve genetic merit of 
performance and/or carcass composition. 
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Genetic Parameters of Growth Performance.   
The direct heritability of growth performance has been well established; however, 
its genetic relationship with other economically important traits (namely backfat) 
encompasses a relatively large range in estimates.  This section will review significant, 
recently published estimates of the genetic parameters associated with growth 
performance in studies where pigs were allowed ad libitum intake.   
Data from 5,649 Duroc X Landrace pigs by 65 different sires were used by Lo et 
al. (1992) to estimate genetic parameters for age to 103.6 kg (AGE) and average daily 
gain (ADG) from 39.5 to 103.6 kg.  The reported heritability estimates and standard 
errors for AGE and ADG were 0.43 ± 0.08 and 0.36 ± 0.07, respectively.  Age to 103.6 
kg was estimated to have a moderate unfavorable genetic correlation with carcass backfat 
thickness (rg = -0.35) and a favorable low genetic correlation with carcass loin muscle 
area (rg = 0.14).  However, ADG was found to have a moderately favorable genetic 
correlation with carcass tenth-rib backfat (rg = 0.43) and a low and unfavorable genetic 
relationship with carcass loin muscle area (rg = -0.18).    Similar genetic correlations 
between growth performance and ultrasonically measured backfat and loin muscle area 
were also estimated in this study. 
Bryner et al. (1992) utilized data on 7,951 Yorkshire boars from 26 central boar 
test stations from 1984 through 1990 to estimate heritabilities and genetic correlations for 
backfat and growth rate.  Direct heritabilities for backfat and average daily gain were 
estimated to be 0.56 and 0.24, respectively.  The additive genetic correlation between 
average daily gain and backfat was approximately zero (-0.05), indicating that selection 
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for one of these traits will not inhibit progress in the other trait and that simultaneous 
selection for both traits can be effective.   
Data representative of eight major swine seedstock populations in the United 
States were used to estimate genetic parameters of various economically important traits 
by Berger et al. (1994).  The data utilized in this study encompassed 135 seedstock 
breeders from 20 states and 234 sire groups from 1991 to 1993.  Growth performance 
was found to be moderately heritable (h2 = 0.58) and revealed a weak genetic antagonism 
with backfat measured at the tenth rib (-0.04). 
Sonesson et al. (1998) estimated genetic parameters of performance traits with the 
use of 4,356 records from a Dutch Large White population.  Pigs in this study were fed 
ad libitum and growth rate was adjusted to 175 days of age while backfat was adjusted to 
104 kg of body weight.  The heritability estimate (SE) of growth rate was 0.41 (0.02) and 
had a genetic relationship with backfat of 0.38.   
Perhaps the most widely utilized publication regarding genetic parameters of 
performance traits is a compilation of literature found in The Genetics of the Pig.  Clutter 
and Brascamp (1998) reviewed published parameter estimates for post weaning growth 
performance in pigs fed ad libitum or semi-ad libitum diets.  Numerous studies were 
accumulated (including those described above) to provide average parameter estimates 
and associated ranges.  Heritability estimates for average daily gain (ADG), daily feed 
intake (DFI), and feed/gain (FCR) averaged to 0.31, 0.29, and 0.30 and ranged from 0.03 
to 0.49, 0.13 to 0.62, and 0.12 to 0.58, respectively.    
Numerous estimates were also compiled for the genetic correlations (estimate; 
range) between ADG and DFI (0.65; 0.32 to 0.89) as well as the genetic relationship 
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between ADG and FCR (-0.53; -0.24 to 0.34).  Reports of the correlation between ADG 
and backfat thickness were quite variable, ranging from moderate and favorable (-0.26) to 
moderately unfavorable (0.55).  Although some of the variation in estimates may be due 
to breed differences, many of the differences in experimental design (i.e. feeding 
regimen) and measurement methods may likely contribute to the wide range in parameter 
estimates.  
Genetic Parameters of carcass composition and meat quality traits.   
Increasing the carcass composition (i.e. lean to fat ratio) of swine has been, for 
several decades, a major objective of swine breeding schemes within the United States; 
and thus, a very large number of genetic studies have been devoted to composition traits.  
More recently, a greater emphasis has been put on the actual properties of muscle that 
affect quality.  Though not to the extent of carcass composition traits, research has 
increasingly been conducted on this topic and reliable genetic parameters have been well 
documented. 
Berger et al. (1994) evaluated carcass and meat quality data from the National 
Barrow Show Progeny Test from 1991 to 1993 to estimate genetic parameters and 
illustrate that changes in composition traits may affect meat quality characteristics.  Some 
of the meat and eating quality traits that were found to have significant genetic 
correlations with tenth-rib backfat thickness include: intramuscular fat percentage (.32), 
Instron tenderness (-.25), cooked moisture percentage (-.48), cooking loss percentage 
(.38), and juiciness score (-.19).  Loin muscle area was also shown to be genetically 
associated with intramuscular fat percentage (-.37), Instron tenderness (.18), cooked 
moisture percentage (.26), and cooking loss percentage (-.16).  All of these correlations 
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are antagonistic in nature, and some are large enough to create significant problems with 
meat quality if they are ignored in selection schemes aimed at increased carcass leanness. 
The Terminal Sire Line Evaluation (NPPC, 1995) reported results from different 
methods of estimating genetic parameters.  Heritability estimates of 0.35, 0.69, and 0.52 
based on a sire model, dam model, and a sire + dam model, respectively, were reported 
for lean percentage.  Heritability estimates for carcass tenth rib backfat and loin muscle 
area were derived using the same three models plus an animal model.  Reported estimates 
of heritability using the four different models for backfat were 0.32, 0.72, 0.52, and 0.46, 
respectively, while estimates for loin muscle area were 0.39, 0.58, 0.48, and 0.48, 
respectively.  Though at least moderately heritable in each case, the use of four different 
models further establishes the range of estimates that can arise even when the same data 
set is utilized. 
Knapp et al. (1997) studied genetic parameters for individual meat quality traits 
and their relationships to lean meat content in three different breeds using a REML 
procedure applied to a multivariate animal model.   This study utilized 5,921 Large White 
(LW), 3,143 Landrace (LR), and 6,533 Pietrain (PT) records to evaluate the genetic 
components of lean meat content, intramuscular fat percentage, color, percent drip loss, 
and pH.  For lean meat content, heritability values ranged from 0.40 in PT to 0.53 in LW.  
The results for pH show relatively low heritability values for LW and LR (0.19, 0.14); 
however, the heritability estimate for pH of PT was considerably higher at 0.37.  
Estimated heritabilities for color were moderate to low with a range from 0.22 to 0.26 
and are higher than the estimates for percent drip loss (0.10 to 0.21).  Heritability 
estimates for percent intramuscular fat were higher than any other meat quality trait 
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evaluated (0.38 to 0.67).  Breed differences among heritability values were considerably 
smaller in magnitude for lean meat content than for the meat quality traits evaluated.   
With regard to genetic correlations, significant antagonisms were noted between 
lean meat content and all four meat quality characteristics.  Generally, all four meat 
quality traits contained genetic relationships in the desired direction, with the strongest 
association between pH and color (0.45 to 0.74) along with pH and percent drip loss (-
0.52 to 0.76).  These results not only confirm a negative relationship between lean meat 
content and meat quality, but also, individual selection for each of the traits listed as well 
as simultaneous selection for various indicators of meat quality can be effective. 
In order to control variation in pork quality, relationships among biochemical 
measurements, sensory, and processing characteristics must be determined.  Huff-
Lonergan et al. (2002) evaluated the phenotypic associations between specific 
biochemical and sensory characteristics to obtain a better understanding of how changes 
in certain traits may influence overall pork quality.  Data from a three generation resource 
family that was established to map genes affecting meat and eating quality were used in 
this study.  Many significant correlations among various meat and eating quality 
characteristics were reported.   
In this study, subjective color, marbling, and firmness scores were all significantly 
correlated with most sensory traits.  Marbling was also significantly correlated with 
firmness, drip loss, percentage cook loss, and measures of tenderness.  Both marbling and 
percentage intramuscular fat were positively correlated with flavor scores and negatively 
correlated with off-flavor scores.  Additionally, drip loss was significantly correlated with 
measures of subjective color, tenderness, and product flavor.  These data indicate that 
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darker product was typically firmer, retained more moisture, and was more tender.  
Concurrently, product with a high degree of drip loss would also tend to be lighter in 
color, be less tender, have less pork flavor, and have more off-flavor.   
Further evaluation of the relationships among carcass measurements and meat 
quality revealed that tenth-rib backfat and loin eye area were both highly correlated with 
percentage intramuscular fat in an antagonistic manner.  Ultimately, this study illustrates 
that selection for increased carcass leanness can dramatically affect various meat quality 
characteristics and have a detrimental impact on the palatability of fresh pork. 
Three review papers have summarized literature results for the genetic parameters 
for some common carcass composition and meat quality traits.  Ducos (1994) reviewed 
ultrasonic backfat depth, loin muscle area, and lean percentage traits from which an 
average heritability of 0.45, 0.48, and 0.54 were estimated based on 143, 35, and 77 
published estimates, respectively.    
Stewart and Schinkel (1989) reviewed 175 published papers involving genetic 
parameter estimates for carcass traits and published corresponding weighted averages for 
heritabilities and genetic correlations in Genetics of Swine.  The traits reviewed were 
ultrasonic backfat, carcass backfat, loin muscle area, and lean percentage, and all showed 
moderate heritability (between 0.4 and 0.6).  This review also illustrated consistent 
results of a very strong negative genetic relationship between lean percentage and backfat 
measured at the tenth rib (rg = -0.87), as well as a strong genetic correlation between lean 
percentage and loin muscle area (rg = 0.65).   
Similarly, Sellier (1998) provided an extensive evaluation of literature published 
on the genetic parameters of meat quality traits in The Genetics of the Pig.  Of the meat 
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quality traits reviewed, percentage intramuscular fat was reported to have the highest 
average heritability (0.50), representing a range of published values from 0.26 to 0.86.  
Various other meat quality traits (average h2; range) such as ultimate pH (0.21; 0.07 to 
0.39), objective color (0.28; 0.15 to 0.57), and water holding capacity (0.15; 0.01 to 0.43) 
had considerably lower average heritability values.  Much more variability was reported 
among the heritability estimates of sensory panel scores.  Tenderness score had the 
highest average heritability value (0.29) with a range in published values of 0.18 to 0.70, 
while flavor, juiciness, and overall acceptability scores obtained heritability values of 
0.09, 0.08, and 0.25 and ranges of 0.01 to 0.16, 0.00 to 0.28, and 0.16 to 0.34, 
respectively. 
Genetic associations among meat quality traits reported by Sellier (1998) revealed 
many significant genetic relationships, yet considerable variation among published values 
exists.  Drip loss had the strongest genetic correlation with ultimate pH (-0.71), but had 
much weaker associations with reflectance (0.49), and percent intramuscular fat (-0.08).  
Water holding capacity was found to be genetically associated with ultimate pH (0.45), 
reflectance (-0.39), and percent intramuscular fat (0.12).  Percent intramuscular fat was 
reported to have favorable, yet small, average published genetic correlations with various 
other meat quality traits such as cooking loss (0.07), reflectance (0.01), and tenderness 
(0.15).   Interestingly, overall sensory panel acceptability has a strong positive genetic 
association with ultimate pH (0.59), water holding capacity (0.46), and percent 
intramuscular fat (0.61).   
The genetic antagonisms between carcass leanness and various meat quality traits 
were also reviewed by Sellier (1998).  Lean percentage was reported to have negative 
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associations with ultimate pH (-0.13), intramuscular fat content (-0.34), tenderness (-
0.20), juiciness (-0.18), and overall acceptability (-0.48).  Due to its economic importance 
as well as the significant genetic component underlying this trait, substantial genetic 
gains have been realized in terms of carcass leanness.  It is apparent, however, that with 
the strong genetic antagonisms that exist between carcass leanness and numerous meat 
and eating quality traits, subsequent degradation in pork quality has likely occurred over 
time. 
 
Genetic and Phenotypic Trends for Measures of Carcass Composition 
 Estimation of genetic progress in traits gives an important evaluation of the 
efficiency of applied improvement schemes.  It also supplies the animal breeder with the 
essential information to develop more successful genetic programs in the future.  This 
section will review the phenotypic and genetic trends realized for production and carcass 
traits and how they relate to subsequent changes in meat quality.   
 Kaplon et al. (1991) utilized performance test records on Polish Large White 
boars collected from 1978 to 1987 from 94 herds to estimate phenotypic, genetic, and 
environmental trends.  A total of 114,347 performance records were analyzed with the 
use of an animal model for the evaluation of average daily gain (ADG), backfat thickness 
(BF), and days to 110 kg (DAYS).  Estimated phenotypic and genetic trends were 6.80 
g/day and 0.04 g/day for ADG, -0.065 mm and -0.009 mm for BF, and -2.76 d and -0.01 
d for DAYS, respectively.  Though phenotypic trends are relatively large and desirable, 
genetic trends estimated from these data suggest that selection practices have not been 
very effective for the genetic enhancement of performance and composition traits.   
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 A similar study was conducted by Kovac and Groeneveld (1990) with the use of 
German swine herdbook populations.  Records from 2,337 herds and 11 testing stations 
from 1979 through 1987 were evaluated with the use of multiple-trait, mixed model 
methodology to estimate genetic trends for daily gain (DG), feed conversion efficiency 
(FCE), lean-to-fat ratio (R) and meat quality score (MQS).  Results of this study were 
reported for four different breeds heavily used in the German commercial industry 
(German Landrace, German Large White, Pietrain, German Landrace B).  Considerable 
genetic gain was realized for DG between the years of 1979 and 1987, ranging from 21.7 
g/day in German Landrace to 55.3 g/day in Pietrain.  Cumulative genetic response 
(range) for R (-0.008 to -0.030) and FCE (-0.082 to -0.142) were also relatively high for 
all four breeds.  Due to the fact that each of the breeds is used for a different purpose 
within the German swine industry, a larger range in estimated cumulative genetic 
response was reported for MQS.  The German Landrace, typically used in dam lines, had 
the largest cumulative genetic gain in MQS of 3.23; however, the Pietrain, used 
extensively as a terminal sire, revealed a negative cumulative genetic response (-0.67) 
between 1979 and 1987 for MQS.   
 Genetic trends were recently estimated by Chen et al. (2002) with the use of 
National Swine Registry Swine Testing and Genetic Evaluation System (STAGES) data 
from the years of 1985 to 2000.  Records on 361,300 Yorkshire, 154,833 Duroc, 99,311 
Hampshire, and 71,097 Landrace pigs were analyzed with an animal model and REML 
procedures to estimate genetic trends for lean growth rate (LGR), days to 113.5 kg 
(DAYS), backfat (BF), and loin eye area (LEA).  All estimated genetic trends for DAYS, 
BF, LEA, and LGR were favorable.  The largest genetic gains for LGR and DAYS were 
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realized by the Duroc breed with changes of 3.28 g/d per year and -0.54 d/yr, 
respectively.  Additionally, Yorkshires had the largest yearly genetic gains of -0.45 
mm/yr and 0.41 cm2/yr for BF and LEA, respectively.  The average genetic change over 
the four breeds were 2.35 g/yr, -0.40 d/yr, -0.39 mm/yr, and 0.37 cm2/yr for LGR, DAYS, 
BF, and LEA, respectively.   
 Results from the above studies illustrate that significant genetic progress has been 
realized in moderately to highly heritable traits of economical importance.  
Characteristics such as these (namely carcass composition) have been the primary focus 
in breeding schemes across the country, certainly elevating the level of genetic progress 
within the last two decades.   
 
Breed Differences 
 In order to develop effective crossbreeding systems aimed at enhancing traits that 
directly affect profit (i.e. growth performance and carcass composition) while avoiding 
degradation of product quality, knowledge of breed differences is required.  This section 
will briefly discuss significant literature documenting breed differences relative to their 
usefulness for improvement of growth performance, carcass composition, and meat and 
eating quality characteristics. 
 Lo et al. (1992) evaluated breed effects in the Duroc and Landrace Breeds for 
growth, real-time ultrasound, carcass, and pork quality traits.  A total of 5,649 pigs and 
960 carcasses were used to determine the relative differences between the Duroc and 
Landrace breeds as well as estimates of individual heterosis for each of the trait 
categories listed above.  Estimates of direct genetic effects revealed significant 
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advantages (difference between Duroc and Landrace) of the Duroc breed for backfat 
thickness, loin muscle area, standardized lean yield, lean gain per day of age, and 
percentage intramuscular fat.  No breed effects were detected for eating quality traits.  
Favorable heterosis estimates of 27.6 g/d for average daily gain, 1.5 kg for standardized 
lean yield, and 14.7 g for lean gain per day of age were reported; however undesirable, 
yet non-significant heterosis effects were revealed for pork color and percentage 
intramuscular fat.  Results from this study illustrate the usefulness of the Duroc breed as a 
terminal sire for increasing carcass composition without decreasing pork eating quality. 
 Results from the National Pork Producers Council Terminal Line Program report 
an extensive evaluation of breed and genetic line differences for numerous, growth 
performance, carcass composition, and pork quality traits (NPPC, 1995).  Breeds that are 
many times used as terminal sires (i.e. Berkshire, Duroc, Hampshire, Spot, and 
Yorkshire) are not significantly different for growth performance traits such as lean 
efficiency; however, the Duroc breed had a significant advantage over all other sire 
breeds for days to 250 lbs and average daily gain on test when mated to crossbred 
females.  For carcass lean percentage and loin muscle area, the Hampshire breed was 
superior to all other purebreds, while Durocs and Yorkshires were not significantly 
different from each other.  Similarly, Hampshires as well as Yorkshires had significantly 
less tenth-rib backfat than other purebreds evaluated.   
 The evaluation of pork quality characteristics such as ultimate pH, water holding 
capacity, and percent drip loss reveal an advantage for Berkshires when compared to 
Hampshires, Yorkshires, and Spots; however, they have no significant advantage over the 
Duroc breed.   All other purebreds had a significant advantage over Hampshires for 
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objective measures of pork color.  The Duroc breed had significantly more intramuscular 
fat when compared to all other purebreds, while the Berkshire, Hampshire, Spot, and 
Yorkshire breeds were not significantly different.  Sensory taste panel results revealed no 
significant differences between breeds for of juiciness, flavor, and off-flavor scores; 
however, the Berkshire, Duroc, and Hampshire breeds were reported to have more 
desirable chewiness scores, though not significantly different from each other, when 
compared to Yorkshires and Spots.   Breed comparisons illustrate that depending on 
breeding objectives, each breed has its own relative usefulness.  Specifically, the Duroc, 
Hampshire, and Yorkshire breeds appear to be advantageous for breeding schemes aimed 
at enhancing carcass composition, while the Duroc breed is the most useful for increasing 
growth performance.  Additionally, the Berkshire and Duroc breeds should generally 
have the greatest impact on pork quality. 
 Goodwin (2004) reported growth, carcass, and meat quality differences of pure 
breeds included in the National Barrow (NBS) Sire Progeny test between March, 1991 
and August, 2004.  This included fifteen test groups, including eight breeds and 6,024 
records.  Mixed linear models were used to determine fixed effects of contemporary 
group, sex, and breed.  In the evaluation of growth performance, Duroc, Landrace, 
Poland China, and Yorkshire had the fastest rate of gain and were not significantly 
different from each other.  Least squares means for loin muscle area revealed that 
Hampshire pigs had the most loin muscle area and the least backfat, while the Berkshire 
breed had less loin muscle area and more backfat than all breeds tested.  In the evaluation 
of meat quality, Duroc pigs had the greatest percentage of intramuscular fat, while 
Berkshire and Chester White pigs had the highest pH values.  Additionally, Berkshire 
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pigs excelled all other breeds for the evaluation of cooking loss, Instron tenderness, 
juiciness score, and tenderness score.   
 
Gender Differences 
 For many operations throughout the U.S., not only are gender differences 
important in many nutrition and management practices, but they also play an important 
role in how producers utilize niche marketing systems.  The following section will outline 
the gender differences reported by two extensive projects. 
 Results from the Terminal Line Program conducted by the National Pork 
Producers Council (NPPC, 1995) outline many gender differences for growth 
performance, carcass composition, and meat quality.  This study utilized records from 
3,261 crossbred progeny of 675 sires representing 10 different breeds/genetic lines.  In 
this study, barrows required significantly fewer days to reach 113 kg and had 
significantly greater average daily gains.  However, gilts excelled barrows in carcass 
composition measures of loin muscle area, tenth-rib backfat, last-rib backfat, and last 
lumbar backfat.  Collectively, gilts had higher lean percentages, but were not 
significantly different from barrows for lean gain on test.  Barrows and gilts were not 
significantly different from each other for evaluations of loin firmness, ultimate pH, drip 
loss, or objective color measures of Minolta reflectance and Hunter L values.  For 
evaluations of meat quality traits such as marbling score, loin lipid content, and Instron 
tenderness, barrows had a significant advantage when compared to gilts.  Similarly, 
barrows had higher sensory taste panel scores for tenderness and flavor.   
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 As mentioned previously, Goodwin (2004) reported results of fifteen test periods 
from the National Barrow Show (NBS) Sire Progeny test.  Results of this study showed 
no changes in the sex rank among the eight breeds evaluated.  Barrows in this study had 
significantly higher average daily gains, greater percentages of intramuscular fat, lower 
pH values, lower Instron tenderness values, and higher juiciness scores from taste 
panelists when compared to gilts.  Significantly more loin muscle area and less backfat at 
the tenth-rib, last-rib, and last lumbar locations were found in gilts when compared to 
barrows.  Additionally, gilts from this study had significantly lower Minolta reflectance 
and Hunter L values.   
 Outside of objective measures of color, gender differences are consistent across 
both studies and should provide strong insight to relative sex advantages for growth 
performance, carcass composition, and meat quality characteristics.   
 
Selection Experiments Involving Components of Carcass Composition and Meat 
Quality 
Theoretical approaches to selection for components of meat quality were the first 
comprehensive evaluations of the efficacy of selection for such traits.  In a simulation 
study involving loin color, Malmfors et al. (1980) evaluated the effect of including meat 
quality characteristics in selection indexes that include growth and carcass composition 
measures.  When ignoring color in the index, an unfavorable genetic change occurs for 
loin color.  Depending on the genetic relationships assumed however, when loin color is 
included in the selection index along with growth and carcass traits, it was reported that 
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color can (at a minimum) be held at a constant level without genetic ramifications in 
daily gain, feed conversion, and lean percentage. 
Cameron (1993) simulated selection for meat quality traits in combination with 
growth and carcass composition with the use of various selection indices.  Nine different 
traits involving measures of muscle quality (intramuscular fat, loin color, water holding 
capacity, eating quality, fat firmness), growth performance (daily gain and carcass weight 
at a constant age), and carcass composition (backfat depth, lean weight) were included in 
the full index.  Backfat depth and lean weight were improved through selection, while 
daily gain and carcass weight were unaffected.  Marginal responses in meat and eating 
quality were found.  Results of this investigation support the concept that traits have a 
larger genetic component respond more favorably to selection, however, response in 
individual traits are lessened as a greater number of traits are included in the index. 
In a study reported by Lonergan et al. (2001), a unique line of Duroc pigs was 
established by intensive selection for increased lean growth to ultimately determine the 
correlated response in fresh pork quality.  Intense selection pressure on lean growth over 
five generations produced significant genetic gain in lean growth, carcass lean, and loin 
eye area.  In relation to the control line, the line intensely selected for lean growth had 
significantly lower subjective firmness scores, and greater amounts of moisture lost as 
measurable drip in the longissimus.  There were no differences between the lines, 
however, for subjective color scores, glycolytic potential, or ultimate pH.  Therefore, it 
appears in this study that intense selection for lean growth, much like that done by the 
industry over the past 25 years, will compromise pork quality. 
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 Though a smaller number of records were utilized, similar general conclusions 
were reported from a study conducted by Fabian et al. (2000) where six generations of 
intense selection on lean growth efficiency were performed on Duroc pigs.  Eight select 
line pigs and eight control line pigs were used to determine response to selection for 
growth performance as well as the ultimate correlated response in fresh pork quality.  Six 
generations of selection proved to be effective for the enhancement of growth 
performance in terms of average daily gain and the ratio of feed to gain.  Unfortunately, 
this genetic gain realized was at the expense of meat quality as the select line had 
significantly lower subjective meat color scores (2.02 vs. 2.29), lower firmness scores 
(2.45 vs. 3.23), and marbling scores (2.82 vs. 3.55) when compared to the control line. 
However, Brocks et al. (2000) studied two separate selection lines of Dutch Large 
White pigs divergently selected for either low backfat thickness (L-line) or fast growth 
(F-line) to evaluate correlated responses in various histochemical characteristics in 
different muscles.  Samples from second and fourth generation pigs from each of the two 
lines were analyzed for differences in fiber type composition, fiber area, and capillary 
density in the longissimus lumborum (LL) and biceps femoris (BF) muscles.  Results of 
this study illustrated that selection for either decreased backfat thickness or increased 
growth rate will likely affect different muscle fiber properties associated with pork 
quality.  Specifically, significant differences in muscle fiber characteristics were shown 
between F- and L-line pigs, where pigs of the low backfat selection line had a lower 
percentage of oxidative and a higher percentage of glycolytic myofibers.  Biceps femoris 
muscles, involved in posture and locomotion, became more glycolytic through selection 
for increased growth rate or decreased backfat, whereas LL muscles became more 
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oxidative.  Results of this study show that intensive selection for lean muscle growth 
changes more oxidative muscles into muscles with a higher glycolytic capacity.  Future 
breeding programs could use different muscle fiber traits, such as increased oxidative 
potential, to aid in selection for increased pork quality while preserving growth 
performance.     
 Suzuki et al. (2005) described results from 7 generations of selection using a 
multitrait evaluation.  The index used for selection included average daily gain, ultrasonic 
LM area, ultrasonic backfat, and intramuscular fat.  In this study, phenotypic observations 
of average daily gain and ultrasound measures were collected on all progeny evaluated in 
the study; however, genetic value for intramuscular fat was determined through sib 
testing procedures based on phenotypes derived from electrical impedance methods.  
Through 7 generations of selection, responses to selection on an index of 4 traits yielded 
genetic improvement in average daily gain, LM area, and intramuscular fat, while an 
antagonistic effect of decreased leanness was observed.  Correlated effects of decreased 
pH and drip loss were also observed through selection on the above index, though 
adverse genetic trends were also reported for loin color (subjective score and Hunter L*) 
and tenderness.  Results of this study implicated that intramuscular fat measured with the 
use of bioelectrical independence techniques may provide an effective method of meat 
quality improvement.   
In an investigation of the correlated responses in growth, carcass, and meat 
quality traits to 21 generations of divergent selection for testosterone production, Bender 
et al. (2006) reported a significant direct phenotypic response in testosterone levels 
between the high and low lines.  Evaluation of meat quality traits included measures of 
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pH, intramuscular fat, drip loss, subjective color score, and Minolta reflectance.  The high 
testosterone line was associated with significantly greater growth (days to 114 kg and 
daily gain), decreased leanness, and lower subjective color scores.  Purebred lines 
divergent in mean levels of testosterone production were not different for percent lipid 
content.  Likewise, crossbred castrates sired by the high and low testosterone lines were 
not significantly different for measures of meat quality.  These results implicate that 
successful selection for testosterone production as an indicator trait for overall fertility 
will not lead to adverse effects in percent intramuscular fat. 
 During the last two decades pig breeding programs have been focused on 
selection for rapid production of lean meat.  However, because this is influenced by 
several interacting genes, unfavorable correlated responses, typically in the form of 
decreased meat quality, have also resulted.  Results of the previous section provide 
working illustrations that breeding programs require a complete awareness of the 
potential ramifications (large for some traits) that may result, while many other traits 
remain constant through selection for carcass composition or meat quality traits. 
 
Potential Opportunities for Gene/Marker Assisted Selection 
 Some traits of economical importance are more difficult to improve though 
conventional selection methods.  Limitations in these traits that typically hinder genetic 
progress include low heritability or complications in phenotypic evaluation.  The latter of 
which corresponds to those characteristics that are expensive to obtain, are expressed 
after the time of selection, are not measurable in selection candidates, or are only 
attainable in one gender.  For these traits, information regarding variation at the 
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molecular level may provide opportunities for genetic improvement that otherwise might 
not be attainable.  Genetic markers can be used to identify specific regions of 
chromosomes where genes affecting quantitative traits are located.  These regions are 
typically referred to as quantitative trait loci (QTL) (Davis and DeNise, 1998).  Selection 
schemes that utilize QTL information, known as marker-assisted selection, is based on 
the concept of selection of individuals within a population that possess the desirable set 
of genetic markers due to knowledge that they are genetically linked to the QTL of 
interest.  The applicability of the specific use of these markers depends on the type and 
amount of linkage disequilibrium that exists in a particular population.  The types of 
markers and potential application of genetic information in selection programs is 
discussed by Dekkers (2004).  Here, the types of genetic information are classified into 
different categories that include: causative mutations where no recombination exists 
between the marker and QTL (direct markers), markers that are in population-wide 
disequilibrium with the QTL (LD markers), and markers where linkage disequilibrium 
only exists within a specific family structure (LE markers).  Though QTL are most easily 
detected for LE markers, the limitations that exist for this marker type has limited the 
application and use of these markers in commercial settings.  On the other hand, LD 
markers are more complicated to detect due to population structure and the required 
density of marker maps, but application of such genetic information is much simpler.  
Direct markers will yield the largest genetic gains and are the least complicated to apply 
to selection schemes; however, these causative mutations are difficult to detect.  To this 
point, examples of known direct markers are limited, and the use of LD markers through 
detection methods such as genome scans or candidate gene analysis may provide the 
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most feasible method for incorporation of genetic information into genetic selection 
programs.   
 The candidate gene approach has been successful in identifying major genes that 
affect traits of economical importance.  To date, several positional candidates based on 
comparative analysis of identified QTL along with biological candidate genes chosen 
based on the underlying physiology of the trait have been found (Rothschild and Plastow, 
1999).  The following section will review literature that involves candidate genes 
detected through the above approaches that have been implicated to be associated with 
adipogenesis and meat quality, namely intramuscular fat content. 
Halothane (HAL) gene.   
Malignant hyperthermia, also known as porcine stress syndrome, is a genetic 
disorder caused by the halothane gene and has been documented since the 1960s.  Fujii et 
al. (1991) demonstrated that malignant hyperthermia can be functionally described by a 
mutation on chromosome 6 at position 1843 of the gene encoding for the ryanodine 
receptor.  It has been reported that genetic variation at the ryanodine receptor locus 
explains up to 30% of the variation in meat quality (Zang et al., 1992).   
 In a recent study to evaluate the effects of the Halothane gene on carcass and meat 
quality, Hamilton et al. (2000) designed matings using purebred Hampshire pigs to 
generate heterozygote and homozygous normal genotypes.  Results of this study observed 
lower ultimate pH, higher objective measures of loin color, and greater drip loss in carrier 
pigs when compared to their homozygous normal counterparts.  In a similar study, 
Goodwin (1994) found that homozygous negative pigs were associated with 0.43% more 
intramuscular fat than heterozygote pigs.  Garcia-Macias et al. (1996) reported no 
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significant difference between negative and carrier individuals for intramuscular fat 
percentage; however, this population of pigs represented a mean intramuscular fat level 
of less than 1.5%. 
Rendement Napole (RN) gene.   
The RN gene has been extensively reported to be associated with measures of 
meat quality (Moeller et al., 2003).  To date, the presence of this gene has been found 
primarily in Hampshire and Hampshire-derived pigs.  The unfavorable allele (RN-) has 
been implicated to significantly increase glycogen levels by up to 70% leading to adverse 
effects on the technological quality of pork products.  Meat quality indicators such as pH, 
drip loss, and cooking loss have been negatively affected in carrier pigs when compared 
to pigs homozygous for the normal allele (Houde et al., 2001). 
 The RN gene has been mapped to porcine chromosome 15 and corresponds to a 
mutation within the PRKAG3 gene (Milan et al., 2000).  Hamilton et al. (2000) observed 
significantly lower ultimate pH and high measures of cooking loss and objective loin 
color in RN carrier animals in comparison to pigs with 2 copies of the normal allele.  No 
significant differences in intramuscular fat content were detected between normal and 
carrier individuals in some investigations (Olsson, 2004), while others (Moeller et al., 
2003) have reported that homozygous normal pigs had significantly greater intramuscular 
fat levels when compared to carrier pigs.   
Melanocortin-4 receptor (MC4R).   
Various mutations within the MC4R gene have been shown to be associated with 
obesity in humans.  Adan et al. (2006) reported that humans with differing genotypes for 
MC4R coincide to differences in eating behavior.  In this study it was reported that 
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inhibition of the MC4R receptor by infusion of a MC4R antagonist results in increased 
food intake.  Kim et al. (2000) reported similar effects of feeding behavior that have been 
previously found in humans and mice in an evaluation involving pigs.  This study reports 
that a missense mutation (G/A) within the seventh transmembrane domain at codon 298 
on porcine chromosome 1 is associated with growth and fatness.  Overall, pigs in this 
study with the 11 genotype had approximately 9% less backfat and gained 37 g/day less 
than pigs homozygous for allele 2.   
 Kim et al. (2004) reported results from a functional analysis of MC4R.  The 
missense mutation described earlier (Asp298Asn) that has been shown to be associated 
with adipogenesis and growth was reported in this investigation to decrease cAMP 
content and MC4R signaling.  However, the amino acid change was not associated with a 
difference in ligand binding.  These results provide evidence that the mutation evaluated 
earlier may represent the causative mutation for the observed differences in growth and 
fatness in pigs. 
Guimaraes et al. (2006) evaluated the effects of MC4R genotype within two 
classes of pigs that represented different genetic levels for growth.  Within the fast 
growing genotype, the 1 allele of MC4R was associated with higher pH and moisture 
retention, lower cooking loss, and more desirable tenderness.  Only effects on tenderness 
and percent cooking loss were found within pigs representing lower growth EBVs.  
Results of this study indicate that the genetic background must be considered in order to 
accurately asses potential response to selection.     
Jokubka et al. (2006) also detected similar effects of the Asn298 allele within the 
MC4R gene.  This study utilized 207 Lithuanian White pigs and observed a significant 
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association between the mutant allele and growth and backfat traits.  Results indicated 
that the Asn298 allele was significantly associated with increased test daily gain, higher 
lean meat percentage and lower backfat thickness, and revealed a trend towards an 
improved feed conversion ratio. 
Heart fatty acid binding protein (FABP3).   
A QTL study (Janns et al., 1994) reported that a major gene for intramuscular fat 
deposition is present in pigs on chromosome 6, though the specific location and mode of 
inheritance was still unknown.  A positional candidate for this gene (heart fatty acid 
binding protein) was investigated by Gerbens et al. (1997).  Due to previous reports of 
the possible biological significance of fatty acid binding proteins involving fatty acid 
transport and modulation of intracellular fatty acid concentration, the objectives of this 
investigation were to characterize genetic variants within this gene.  Results indicated 
that FABP3 is located on chromosome 6 and three PCR-RFLPs were detected.  One 
genetic variant was found in the 5’ upstream region that can be genotyped with the HinfI 
restriction enzyme, while the other 2 were localized to intron 2 and include restriction 
sites (approx 300 bp apart) recognized separately by HaeIII and MspI enzymes.   
The effects of each of the genetic variants above were tested in two Duroc 
populations for their association with intramuscular fat and performance by Gerbens et al. 
(1999).  The three PCR-RFLPs (MspI, HaeIII, and HinfI) were all informative within the 
Duroc populations investigated.  For the evaluation of intramuscular fat, contrasts 
between both homozygous classes were significant for all three SNPs.  Dominance 
effects were not significant, indicating that each genetic variant has an additive effect on 
intramuscular fat.  Also, effects of the MspI and HaeIII RFLPs were nearly identical, 
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which suggests that these SNPs were in nearly complete linkage within the population 
investigated.  Results for backfat were similar to those found for intramuscular fat and 
were in the same direction as alleles that increased one fat depot also increased the other.  
Results of this investigation suggest potential opportunities for marker-assisted selection 
for increased intramuscular fat percentage.   
To this point, the effect of closely linked genes could not be excluded in the 
analysis of FABP3 effects.  Gerbens et al. (2001) evaluated gene expression of FABP3 
with intramuscular fat content.  Results showed a significant difference in mRNA levels 
between the HaeIII PCR-RFLP genotype classes, but no difference for the other two 
genetic variants in FABP3 described earlier.  The significant increase in mRNA levels for 
the HaeIII RFLP was not associated with a similar increase in protein expression levels.  
These results indicate that FABP3 is translationally regulated. 
Nechtelberger et al. (2001) evaluated the effects of FABP3 genetic variants in 
Austrian Landrace, Large White, and Pietrain pigs.  RFLP analysis revealed a new MspI 
polymorphism in all three breeds evaluated.  However, when association analyses were 
performed for intramuscular fat content, no significant differences were observed among 
genotype classes for all polymorphic sites in all three breeds.   
Delta-like 1 gene (DLK1).   
Kim et al. (2004) investigated the inheritance of DLK1 as a potential candidate 
gene for growth and fatness in swine.  Based on previous reports of mice that lacked the 
paternal DLK1 allele illustrated significantly slower growth and increased fatness, the 
objective of this study was to test this mode of DLK1 inheritance in pigs and evaluate the 
effects of specific inheritance on backfat and growth traits.  These results in the Berkshire 
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and Yorkshire breeds suggested that the polar overdominance mode of inheritance is also 
present in pigs.  Association analysis also revealed that pigs that inherited a paternal 
allele 2 and maternal allele 1 at the DLK1 locus had significantly lower backfat, greater 
loin muscle area, and faster growth.  Interestingly, this result was also in the opposite 
direction of the phenotypic correlation between backfat and growth within this 
population.   
As it relates to meat quality characteristics, Li et al. (2007) investigated the gene 
expression of several loci implicated to be involved in adipogenesis.  As determined by 
real-time PCR, greater levels of expression were found within subcutaneous fat tissue 
when compared to intramuscular fat for all loci investigated, except for DLK1.  Analysis 
of DLK1 expression revealed significantly higher mRNA levels in intramuscular adipose 
tissue when compared to subcutaneous fat deposits.  Based on results of this study, 
genetic variants at the DLK1 loci may provide an avenue of improving intramuscular fat 
content separately from subcutaneous fat.   
Diacylglycerol acyltransferase (DGAT1).   
Liu et al. (2007) evaluated the functional significance of the DGAT1 in humans 
and indicated a significant role in adipogenesis.  This study implicated that DGAT1 
catalyzes the last step of the glycerol phosphate pathway of triglyceride synthesis in 
mammalian cells and promotes triglyceride storage.  Additionally, the DGAT1 gene is 
expressed in many types of cells, including skeletal muscle and adipose tissue.  
Nonneman and Rohrer (2002) used the MARC 2PIG cDNA library to map the DGAT1 
gene to porcine chromosome 4.  This study reveled that the DGAT1 gene is identical to 
that of the bovine and human gene in that it contains the same intron size and contains 17 
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exons.  The complete DGAT1 gene was sequenced except for about 700 bp of intron 1 
and 15 different polymorphisms were detected, though a majority of detected genetic 
variants were included in non-coding regions.   
Mercade et al. (2005) evaluated the existence of DGAT1 polymorphisms within 
the Iberian, Landrace, Large White, Meishan, and Pietrain breeds.  A significant QTL for 
fatty acid composition was found on porcine chromosome 4, therefore an additional 
objective of this study was to evaluate DGAT1 as a positional candidate for fatty acid 
composition in pigs.  A polymorphism that creates a HinfI restriction site and was 
genotyped in the five breeds evaluated.  The allele frequency differed significantly 
among breeds, as the minor allele frequency ranged from 0 in the Iberian and Landrace 
breeds to 35% in the Meishan.  The DGAT1 gene was mapped to a position outside of the 
confidence interval for the previously detected fatty acid QTL, and was excluded as a 
possible positional candidate for this trait.   
Several other genes have been implicated to be associated with adipogenesis in 
humans and mice, but have not been evaluated in swine.  One of which that has recently 
been mapped to porcine chromosome 14 (Nonneman and Rohrer, 2004) is the 
transcription factor 7 like 2 (TCF7L2) gene.  The TCF7L2 gene has been implicated to be 
involved in resistance to type 2 diabetes in humans (Grant et al., 2006) due to its role in 
blood glucose homeostasis, and may be a biological candidate gene for fatness traits in 
pigs.  Additionally, Oh-I et al. (2006) reported a possible biological candidate for feeding 
behavior.  In this study, nesfatin-1 (NUCB2) is implicated as a molecule secreted within 
the hypothalamus that is associated with melanocortin signaling and is important in 
regulating the feeding behavior of rats.  Results showed that injection of NUCB2 
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increases gene expression and significantly reduces body weight in rats.  An evaluation in 
pigs will require identification of polymorphisms within the porcine NUCB2 gene that 
are informative in the research population.   
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ABSTRACT:  A study was conducted to evaluate the efficacy of selection for 
intramuscular fat (IMF) in a population of purebred Duroc swine using real-time 
ultrasound.  Forty gilts were purchased from U.S. breeders and randomly mated for 2 
generations to boars available in regional boar studs resulting in a base population of 56 
litters.  Littermate pairs of gilts from this population were randomly assigned to either a 
select line (SL) or control line (CL) and mated to the same sire to establish genetic ties 
between lines.  At an average weight of 114 kg, a minimum of 4 longitudinal ultrasound 
images were collected 7 cm off-midline across the 10th-13th ribs of all pigs for the 
prediction of IMF (UIMF).  At least 1 barrow or gilt was harvested from each litter and 
carcass data were collected.  A sample of the longissimus muscle from the 10th – 11th rib 
interface was analyzed for carcass IMF (CIMF).  Breeding values for IMF were estimated 
by fitting a 2-trait (UIMF and CIMF) animal model in MATVEC.  In the SL, selection in 
each subsequent generation was based on EBV for IMF with the top 10 boars and top 75 
gilts used to produce the next generation.  One boar from each sire family and 50 to 60 
gilts representing all sire families were randomly selected to maintain the CL.  Through 6 
generations of selection, an 88% improvement in IMF has been realized (4.53% in SL vs. 
2.41% in CL).  Results of this study revealed no significant correlated responses in 
measures of growth performance.  However, 6 generations of selection for IMF has 
yielded correlated effects of decreased loin muscle area and increased backfat.  
Additionally, the SL obtained more desirable objective measures of tenderness and 
sensory evaluations of flavor and off-flavor.  Meat quality characteristics of pH, water 
holding capacity, and percent cooking loss were not significantly (P > 0.05) affected by 
selection for IMF.  Selection for IMF using real-time ultrasound is effective, but may be 
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associated with genetic ramifications for carcass composition traits.  Intramuscular fat 
may be used in swine breeding programs as an indicator trait for sensory traits which 
influence consumer acceptance; however, rapid improvement should not be expected 
when simultaneous improvement in other trait categories is also pursued. 
Key words: intramuscular fat, meat quality, selection, swine, ultrasound  
INTRODUCTION 
It is becoming increasingly apparent that the swine industry should strengthen its 
focus on the production of uniform, high quality products.  Intramuscular fat (IMF) 
percentage is receiving greater attention in breeding programs due to its implicated role 
in consumer acceptance (DeVol et al., 1988; Van Oeckel et al., 1999).  Until recently, 
identification of genetically superior breeding stock for IMF was limited to use of sib and 
progeny testing.  Recent developments in real-time ultrasound technology have allowed 
accurate prediction of IMF in the live animal, and has been reported to be moderately 
heritable and genetically associated with other indicators of meat quality (Newcom et al., 
2003).  However, the development of optimal selection criteria requires knowledge of 
expected correlated responses among other economically important traits.  In order to 
study the responses to selection for IMF, a large-scale selection experiment involving 
purebred Duroc swine was initiated in 1998.  The primary objective of this investigation 
was to evaluate the efficacy of selection for IMF as determined by direct phenotypic 
response.  A second objective was to determine correlated phenotypic effects in other 
economically important traits.  
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MATERIALS AND METHODS 
Derivation of Lines  
Experimental protocols for this study were approved by the Iowa State University 
Institutional Animal Care and Use Committee.  A large-scale selection project was 
initiated in 1998 through the purchase of 40 registered Duroc gilts from 10 midwest 
Duroc breeders.  Using semen from Duroc boars available in regional U.S. boar studs, 2 
generations of random mating were conducted to expand the population and produce the 
base generation of 56 litters.  At weaning, 2 boars in each litter (when available) were 
randomly selected to remain intact while all other males were castrated.  Littermate pairs 
of gilts from the base generation were randomly designated to either the control (CL) or 
select line (SL).  Littermate pairs of females were then mated to the same boar (via 
natural mating or AI) to establish sufficient genetic ties between lines before selection 
was initiated.  A total of 24 sires from 14 different sire families were utilized to generate 
50 CL and 45 SL litters in generation 1.  All boars and females utilized within the base 
generation were tested to ensure the absence of the recessive mutant HAL1843 allele (Fujii 
et al., 1991).  In subsequent generations, up to 4 boars in each SL litter (when available) 
were randomly selected to remain intact to increase selection intensity. 
Progeny Test and Ultrasound Measurements 
Pigs were housed in a mechanically ventilated, curtain-sided finishing building 
with fully slatted floors and were provided 0.77 m2 of floor space each in pens of 20 to 25 
pigs from 34 kg until they were weighed and scanned off test at a pen average weight of 
110 kg.  A 17.5% CP, 1.15% lysine corn-soy diet was provided ad libitum from 34 to 68 
kg, followed by a 16.0% CP, 0.85% lysine corn-soy diet from 68 to 91 kg, and a 15.0% 
  
50
CP, 0.70% lysine corn-soy diet from 91 kg to market weight.  All generation 6 progeny 
were weighed on test at a mean live weight of 42 (±9) kg.  The total number of pigs 
evaluated within each line and generation are presented in Table 1.  Off-test ultrasonic 
measurements of 10th rib LM area (ULMA), off-midline backfat (UBF), and 
intramuscular fat percentage (UIMF) were collected at a mean live weight of 110 (±14) 
kg.  Ultrasonic images were collected with an Aloka 500V SSD ultrasound machine fitted 
with a 3.5 MHz, 12.5 cm linear-array transducer (Corometrics Medical Systems, Inc., 
Wallingford, CT) by a National Swine Improvement Federation certified technician 
(Bates and Christian, 1994).  A sound transmitting guide conforming to the pig’s back 
was attached to the ultrasound probe and vegetable oil was used as conducting material 
between the probe and skin.  Off-midline UBF and ULMA were measured from a cross-
sectional image taken at the 10th rib.  A minimum of 4 longitudinal images were collected 
7 cm off-midline across the 10th to 13th ribs.  Final image parameters were generated 
using texture analysis software (Amin et al., 1997) and were included in a regression 
equation developed by Newcom et al. (2002) to estimate intramuscular fat percentage 
within the initial 3 generations.  The regression equation used initially (R2 = 0.32) 
included five image parameters along with an individual measure of ultrasonic backfat.  
Updates to model parameters were then performed utilizing the most current carcass 
information (n = 770) and the resulting model (Schwab and Baas, 2006) was used in 
prediction of intramuscular fat in generations 4 to 6.  A greater amount of variation was 
described with final prediction equation (R2 = 0.36; RMSE = 1.31) which utilized 9 
image parameters and no backfat information.   
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Kilograms of lean at market weight and at test entry were estimated for generation 
6 progeny using the following fat-free lean equations (NPPC, 2000): 
Market weight lean (kg) = 0.3782 × sex (barrow and boar = 1; gilt = 2) – 2.9488 × 
(UBF, cm) + 0.3817 × (ULMA, cm2) + 0.291 × (off-test weight, kg) – 0.2424 
Trial entry lean (kg) = 0.188 x (on-test weight, kg) – 1.644 
Lean gain per day on test (LGOT) was calculated by subtracting the estimate of trial 
entry lean from market weight lean and dividing by days on test. 
Carcass Evaluation 
Upon completion of the performance test period, all available barrows and 
randomly selected gilts were sent to a commercial abattoir (Hormel Foods, Austin, MN) 
for carcass evaluation.  Carcass measurements were obtained by Iowa State University 
personnel 24 h post-mortem.  Standard carcass collection procedures (NPPC, 2000), were 
followed to obtain measurements of 10th rib backfat (CBF10), last rib backfat (CLRBF), 
last lumbar backfat (CLLBF), loin muscle area (CLMA), and carcass length (LENGTH).  
Carcass pH was measured 24 h post-mortem on the 10th rib face of the longissimus 
muscle using a pH star probe (SFK Ltd, Hvidovre, Denmark).  Objective color 
measurements of Hunter L score and Minolta Reflectance (a measure of light reflectance 
where lower values indicate darker and more desirable color) were obtained on the 10th 
rib face of the loin using a Minolta CR-310 (Minolta Camera Co., Ltd., Osaka, Japan) 
with a 50-mm-diameter aperture, D65 illuminant, and calibrated to the white calibration 
plate.  A section of bone-in loin containing the 10th to 12th ribs was excised from the 
carcass and transported to the Iowa State University Meat Laboratory.  A 3.2 mm slice 
from the 10th rib face was then removed and utilized for percent lipid content analysis 
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(CIMF) (Bligh and Dyer, 1959).  The 11th and 12th rib sections were cut into 2.54 cm 
chops and set freshly cut side up for 10 min to allow the sample to bloom.  Subjective 
measures of color (1 = pale pinkish gray to white; 6 = dark purplish red), marbling (1 = 
1.0% IMF; 10 = 10.0% IMF), and firmness (1 = soft; 3 = very firm) were evaluated on 
the 11th rib face according to NPPC (2000) by personnel trained in meat quality 
evaluation.  Water holding capacity was measured on the 11th rib face using the filter 
paper method described by Kauffman et al. (1986) and is reported in milligrams of water 
absorbed by the filter paper (lower values are more desirable).    
Sensory Evaluation 
The 11th and 12th rib sections of each loin sample were vacuum packaged and 
taken to the Iowa State University Food Science Laboratory where they were refrigerated 
at 0º C for 7 d.  A trained sensory panel with 3 members evaluated cooked loin quality 
attributes (Huff-Lonergan et al., 2002).  Both rib sections were cooked to 71º C in an 
electric broiler (Amana model ARE 640, Amana, IA), with sample temperature 
monitored by Chromega/Alomega thermocouples attached to an Omega digital 
thermometer (DSS-650, Omega Engineering, Inc., Stamford, CT).  Weights prior to and 
immediately after cooking were used to calculate percent cooking loss.  Three 1.3 cm3 
cubes were removed from the center of the 11th rib sample and evaluated by the trained 
sensory panel for juiciness (1 = dry, 10 = juicy), tenderness (1 = tough; 10 = tender), 
chewiness (1 = not chewy; 10 = very chewy), flavor (1 = little pork flavor, bland; 10 = 
extremely flavorful, abundant pork flavor), and off-flavor (1 = no off-flavor; 10 = 
abundant non-pork flavor) using an end-anchored, 10-point scoring system (AMSA, 
1995).  Individual booths with red overhead lighting were provided for each panelist.  
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Sample evaluations were averaged across panelists for analysis.  The 12th rib section was 
evaluated for tenderness using an Instron Universal Testing Machine (model 1122; 
Instron Corp., Canton, MA) fitted with a circular, 5-pointed star probe (9 mm diameter 
with 6 mm between points) (Oltrogge-Hammernick and Prusa, 1987). 
Genetic Evaluation and Mating Procedures 
 In order to evaluate the most accurate and efficient selection method, carcass and 
ultrasound information from the first 2 generations was utilized to simulate subsequent 
generations using 3 different selection models (Newcom et al., 2005).  Results of 
estimated genetic change in IMF illustrated that selection based on IMF EBV using a 
combination of UIMF and sib measures of CIMF should provide the greatest response to 
selection. 
Breeding values within each generation were estimated for predicted (UIMF) and 
carcass (CIMF) intramuscular fat by fitting a 2-trait animal model in MATVEC (Wang et 
al., 2003) using the following model: y = Xb + Za + Wc + β x + e, where y = vector of 
observations; b = vector of fixed effects (contemporary group and sex), a = vector of 
random additive genetic effects, which utilizes the numerator relationship matrix among 
animals; c = vector of common litter effects, which is assumed to be uncorrelated with 
the random animal effects, β = linear regression coefficient, x = vector of appropriate off-
test or hot carcass weight, and e = vector of residuals.  The incidence matrices relating 
observations to fixed, random animal, and common litter effects are X, Z, and W, 
respectively.  Genetic and environmental (co)variances were updated each generation 
using UIMF and CIMF values from all pigs in prior generations.   
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Selection was based on EBV for CIMF.  In the select line, the 10 boars and 75 
gilts with the highest EBV were selected.  Inbreeding coefficients of individuals and all 
possible matings among selection candidates were calculated with the use of the 
INBREED procedure of SAS (SAS Inst., Cary, NC).  This information was utilized to 
design matings in both lines in an attempt to minimize inbreeding accumulation.  
Average inbreeding coefficients for progeny in generation 6 were 4.8% and 9.5% for the 
control and select lines, respectively. 
Statistical Analysis 
Line differences for meat and eating quality traits in generation 6 were assessed 
using the MIXED procedure of SAS (SAS Inst., Cary, NC).  Least squares means and 
corresponding standard errors were computed with the use of the following base model: 
 yijkmnp = Li + Sj + CGk + LSij + b1WTm + SR(L)ni + DM(L)pi + εijkmnp 
where yijkmnp = the trait measured on pig m, in line i, of sex j, in contemporary group k, 
from sire n and dam p; Li = fixed effect of line i; Sj = fixed effect of sex j; CGk = fixed 
effect of contemporary group k; LSij = effect of the interaction of line i and sex j; WTm = 
linear effect of the appropriate carcass or off-test weight of pig m; SR(L)ni = effect of sire 
n nested within line i, assumed random with SR(L)ni  ~N(0, σSR2); DM(L)pi = effect of 
dam p nested within line i, assumed random with DMpi ~N(0, σDM2); εijkmnp = residual 
with εijkmnp ~N(0, σε2). 
The above model is the result of a stepwise process of fitting all 2-way 
interactions between fixed effects along with second and third order polynomial effects 
for the WT covariate and subsequently removing non-significant (P > 0.05) individual 
effects sequentially.  Model effects detailed above were included for the analysis of all 
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performance and carcass composition measures except for average daily gain and lean 
gain on test, where the covariate of WT at off-test was replaced with a covariate of on-
test weight.  With the exception of IMF measures, the linear effect of WT was not a 
significant source of variation for meat and eating quality traits and was removed from 
the final model for analysis.  To evaluate the possible effect of inbreeding depression on 
performance, dependent variables were adjusted for individual inbreeding level with the 
inclusion of a linear covariate of individual inbreeding coefficient.  However, the linear 
effect of inbreeding level was not significant (P > 0.05) for any of the performance 
measures evaluated and was excluded from the model for analysis. 
RESULTS AND DISCUSSION 
Response in Traits under Direct Selection Pressure 
 Selection candidates were chosen based on genetic merit for IMF.  Estimated 
breeding values used for selection were derived from a 2-trait animal model that included 
measurements of UIMF from all animals progeny tested and CIMF from a random 
sample of harvested barrows and gilts.  Through 6 generations of selection, an 88% 
improvement in IMF has been realized (4.53% in SL vs. 2.41% in CL).  This result 
indicates that CIMF responds directly to selection using BLUP methodology and 
corresponds to what may be expected from moderate heritability values reported for 
CIMF and UIMF from previous investigations (Newcom et al., 2005).  The phenotypic 
response realized for CIMF coincides with a slightly smaller phenotypic response in 
UIMF observed after 6 generations of selection.  The difference in response between the 
2 measures of IMF may be a function of the sex effect that exists for both measures.  
Boars have significantly less UIMF than gilts or barrows (data not shown), and because 
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no boars were harvested, they are not represented in the mean CIMF levels.  
Additionally, the ultrasonic prediction method inherently regresses UIMF phenotypes 
toward mean levels, resulting in decreased phenotypic variance.  Similarly, Newcom et 
al. (2005) reported lower genetic variance and heritability estimates for ultrasonically 
measured IMF when compared to the chemical analysis measurement method.   
 It has been suggested that a minimum level of 2 to 3% IMF is required for 
desirable eating quality (DeVol et al., 1988).  Phenotypic gain in IMF established through 
selection in the current study result in IMF levels that may be useful for differentiation of 
sire lines for use in muscle quality-based niche markets. 
Correlated Responses in Growth Performance and Carcass Composition 
 Line LS means for measures of growth performance and carcass composition are 
presented in Table 2.  No significant differences (P > 0.05) were observed between lines 
for growth performance, whether measured as the number of days required to reach 114 
kg of BW (DAYS), daily accumulation of BW (ADG), or daily accretion of lean tissue 
(LGOT).  These results suggest that breeding programs aimed solely at improvement of 
IMF, should not expect large correlated changes in growth.  These findings are consistent 
with the reports of an investigation of the correlated responses in muscle quality from 6 
generations of selection for lean growth efficiency in Duroc pigs (Lonergan et al., 2001), 
where significant increases in growth and leanness were not associated with marbling.   
 Results of this study revealed significant correlated responses in various measures 
of carcass composition.  A difference of 6.17 mm greater backfat measured ultrasonically 
at the tenth rib (P < 0.01) was found in the SL, similar in magnitude to the difference 
detected on the carcass at the same location (P < 0.01) in a random sample of pigs 
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harvested.  A smaller line effect was also found for carcass measures at the last thoracic 
(CLRBF) and last lumbar (CLLBF) vertebrae (Table 2).  The SL had less loin muscle 
area (P < 0.01) when compared to the CL, whether measured on the carcass of harvested 
pigs or predicted ultrasonically on the live animal.  Genetic and phenotypic correlations 
among components of carcass leanness and intramuscular fat have been well documented 
(Berger et al., 1994; Schwab et al., 2006; Sellier, 1998; Suzuki et al., 2005) and support 
the correlated responses in carcass composition observed in the population under study.  
Correlated Responses in Measures of Meat Quality 
Least squares means for measures of meat quality are presented by line in Table 
3.  The direct response in IMF corresponded to a correlated increase (P < 0.01), similar in 
magnitude, in subjective marbling score.  However, subjective measures of firmness and 
color were not significantly different between lines. 
 Variation in pH values has been implicated to be associated with various 
measures of eating quality (Huff-Lonergan et al., 2002); however, its relationship with 
intramuscular fat has been documented to be small and insignificant (Sellier, 1998).  
Schwab et al. (2006) found no significant phenotypic relationship between pH and IMF 
in Duroc swine, regardless of genetic background for carcass leanness.  As expected from 
results of previous investigations, no significant correlated responses were observed in 
the current study for pH measured at 24 h, 48 h, or 7 d post-mortem.  
 The significant phenotypic response in IMF after 6 generations of selection has 
also resulted in an 8% increase (P < 0.05) in instrumental tenderness (Table 3).  Water 
holding capacity and percent cooking loss are indicators of physical processing 
characteristics and were not significantly (P > 0.54) affected by selection in the present 
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study.  These results confirm previous reports (Lonergan et al., 2007) that intramuscular 
lipid content is a significant source of variation for objective measures of tenderness at 
intermediate levels of pH (5.50 ≤ pH ≤ 5.80), but is not significantly associated with 
other objective meat quality characteristics. 
 Objective measures of loin color were significantly affected by selection for 
increased IMF.  Loin samples from harvested SL pigs were associated with 2.33% more 
light reflectance and a 2.41 unit increase in Hunter L value at 24 h post-mortem when 
compared to their unselected CL counterparts.  A smaller line difference was detected for 
the same pork color measurement at 48 h post harvest (Table 3).  This difference is larger 
than expected based on the average published estimate of the genetic correlation between 
IMF and reflectance (rg = 0.01) reported by Sellier (1998).  It is important to note that this 
correlated response in loin color may be influenced by variation in exposed IMF and may 
not reflect true differences in the pigmentation of lean tissue.  To gain a better 
understanding of the influence of IMF on objective measures of lean color, a linear 
covariate of IMF, irrespective of line, as well as a linear covariate of IMF nested within 
line were included separately in the analysis described earlier.  In both cases, the 
adjustment of objective color to the mean IMF level of the population or line-specific 
mean IMF did not provide a significantly (P > 0.05) better fit of the color data (data not 
shown).  In order to accurately assess the notion that the observed correlated response in 
loin color may be affected by variation in intramuscular fat, further evaluation of loin 
color phenotypes that are independent of IMF, such as muscle pigmentation (myoglobin 
concentration), is warranted.   
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Correlated Responses in Measures of Eating Quality  
 General palatability of pork products is typically estimated by objective and 
subjective meat quality measures evaluated on the carcass.  However, the ultimate goal of 
assessing potential variation in the consumer eating experience may be more accurately 
estimated utilizing sensory panel evaluations.  As illustrated by Thompson (2004), 
consumer panels are effective when they estimate sensory attributes, but have the 
disadvantage that correlations between the different attributes are generally high within a 
given panelist.  This complicates the interpretation of relationships among sensory 
evaluations and carcass traits.   
 Least squares means for measures of sensory panel scores are presented in Table 
4.  A general trend for more desirable sensory scores was observed for the SL within the 
current study; however, statistically significant (P < 0.05) differences were only detected 
for measures of pork flavor intensity and incidence of off-flavor.  Elevated levels of 
juiciness and texture have been implicated to be associated with higher IMF percentages 
in previous investigations in beef (Thompson, 2004).  In pork, elevated levels of IMF 
have been reported to be associated with higher sensory scores for juiciness, flavor, 
tenderness, and overall palatability (Murray et al., 2004).  However, Van Oeckel et al. 
(1999) reported a stronger relationship between IMF and flavor as well as tenderness 
when compared to juiciness.  Similarly, in 2 lines of Duroc pigs representing different 
mean levels of carcass composition, Schwab et al. (2006) reported significant phenotypic 
correlations between IMF and sensory evaluations of juiciness, flavor, and off-flavor.  
The results of previous investigations generally support the correlated responses observed 
after 6 generations of selection for IMF in the current population, while slight deviations 
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from the present study and those previously reported may be specific to the specie or 
population evaluated along with the number of observations utilized to assess differences.  
IMPLICATIONS 
Due to the evolution of value-added markets that focus on meat quality, genetic 
improvement of intramuscular fat is likely to be further emphasized in swine breeding 
programs.  At the present state of technology, intramuscular fat percentage can be 
accurately evaluated in live pigs and utilized in conjunction with sib carcass data for 
estimation of breeding values for intramuscular fat.  Within the population under study, 
selection on resulting EBV has yielded a significant phenotypic change in all measures of 
IMF.  Results from this study illustrate that phenotypic improvement of IMF may 
correspond to an increase in objective tenderness, and shed light into the possible 
ramifications of this response in measures of carcass composition.  Intramuscular fat may 
be used in swine breeding programs as an indicator of general product palatability; 
however, sensory characteristic improvements are likely to be slow when simultaneous 
improvement in other trait categories is also pursued.  
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Table 1. Distribution of records by generation and line from a selection experiment for 
increased intramuscular fat in Duroc swine 
 Generation  
Trait category 1 2 3 4 5 6 Total 
No. of observations 
Select linea        
     Litters   45   56   54   75   63   60   353 
     Growth and ultrasound meas. 291 379 373 484 373 344 2,244 
     Carcass and sensory meas.   64   54   64   77   70   72   401 
     Boars   75 119 123 182 128 118   745 
     Gilts 145 192 187 237 188 180 1129 
     Barrows   71   68   63   65   57   46   370 
Control lineb        
     Litters   50   36   38   50   58   47   279 
     Growth and ultrasound meas. 345 235 264 349 410 277 1,880 
     Carcass and sensory meas.   86   47   81   71 101   77   463 
     Boars   85   59   63   98 102   72   479 
     Gilts 181 124 128 168 201 138  940 
     Barrows   79   52   73   83 107   67   461 
Total        
     Litters   95   92   92 125 121 107   632 
     Growth and ultrasound meas. 636 614 637 833 783 621 4,124 
     Carcass and sensory meas. 150 101 145 148 171 149   864 
     Boars 160 178 186 280 273 190 1224 
     Gilts 326 316 315 405 389 318 2,069 
     Barrows 150 120 136 148 164 113   831 
aSelect line = result of 6 generations of selection for increased intramuscular fat based on a 2-trait animal 
model that included IMF measured on the carcass and predicted via ultrasound. 
bControl line = unselected, randomly mated population. 
 
 
 
 
Table 2. Growth performance and carcass composition least squares means (±SE) from generation 6  
of a selection experiment for increased intramuscular fat in Duroc swine. 
 Linea  
Item    SL   CL SL-CL 
Growth performance       
     Average daily gain, kg/d 0.78 ± 0.01 0.77 ± 0.01 0.02 ± 0.02 
     Lean gain on test, kg/d 0.22 ± 0.00 0.22 ± 0.00 0.00 ± 0.00 
     Days to 114 kg, d 189.54 ± 1.03 187.62 ± 1.15 1.93 ± 1.54 
Ultrasound measures    
     Scan backfat, mm 20.53 ± 0.58 14.35 ± 0.58 6.17 ± 0.80*** 
     Scan loin muscle area, cm2 39.15 ± 0.53 42.73 ± 0.54 -3.62 ± 0.72*** 
     Predicted intramuscular fat, % 4.55 ± 0.10 3.09 ± 0.10 1.46 ± 0.14*** 
In-plant carcass composition    
     Length, cm 81.94 ± 0.34 81.44 ± 0.33 0.50 ± 0.47 
     Tenth rib backfat, mm 24.22 ± 0.84 16.63 ± 0.87 7.59 ± 1.19*** 
     Last rib backfat, mm 24.43 ± 0.66 18.78 ± 0.66 5.65 ± 0.90*** 
     Last lumbar backfat, mm 19.38 ± 0.76 14.87 ± 0.75 4.51 ± 1.06*** 
     Loin muscle area, cm2 38.02 ± 0.77 45.45 ± 0.75 -7.43 ± 1.06*** 
aSL = select line, result of 6 generations of selection for increased intramuscular fat based on a 2-trait animal model  
that included IMF measured on the carcass and predicted via ultrasound; CL = randomly mated, unselected control line. 
*P < 0.05; **P < 0.01; ***P < 0.001. 
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Table 3. Meat quality least squares means (±SE) from generation 6 of a selection experiment  
for increased intramuscular fat in Duroc swine. 
 Linea  
Item    SL   CL SL-CL 
Intramuscular fat, % 4.53 ± 0.25 2.41 ± 0.25 2.12 ± 0.35*** 
Subjective color1 3.25 ± 0.07 3.11 ± 0.08 0.14 ± 0.10 
Subjective marbling2 4.89 ± 0.21 2.50 ± 0.21 2.39 ± 0.29*** 
Subjective firmness3 2.16 ± 0.05 2.05 ± 0.05 0.11 ± 0.07 
24 h pH 5.65 ± 0.01 5.65 ± 0.01 0.00 ± 0.01 
24 h Minolta reflectance,4 % 24.49 ± 0.36 22.17 ± 0.36 2.33 ± 0.50*** 
24 h Hunter L value5 49.42 ± 0.37 47.00 ± 0.37 2.41 ± 0.52*** 
48 h pH 5.63 ± 0.01 5.62 ± 0.01 0.01 ± 0.02 
48 h Minolta reflectance,4 % 23.77 ± 0.36 22.40 ± 0.36 1.37 ± 0.50* 
48 h Hunter L value5 48.78 ± 0.58 46.89 ± 0.58 1.89 ± 0.80* 
Water holding capacity, mg 67.43 ± 2.91 69.81 ± 2.87 -2.38 ± 3.99 
7 d pH 5.61 ± 0.01 5.60 ± 0.01 0.01 ± 0.02 
Percent cooking loss, % 19.22 ± 0.41 18.87 ± 0.43 0.35 ± 0.58 
Instron tenderness, kg 5.36 ± 0.15 5.81 ± 0.15 -0.45 ± 0.21* 
aSL = select line, result of 6 generations of selection for increased intramuscular fat based on a 2-trait animal  
model that included IMF measured on the carcass and predicted via ultrasound; CL = randomly mated, unselected control line. 
*P < 0.05; **P < 0.01; ***P < 0.001. 
1Subjective color score (1 = pale pinkish gray to white; 6 = dark purplish red). 
2Subjectve marbling score (1 = 1.0% intramuscular fat; 10 = 10.0% intramuscular fat). 
3Subjective firmness score (1 = soft; 3 = very firm). 
4Minolta reflectance are objective measures of light reflectance (0 = 0% reflectance; 100 = 100% reflectance). 
5Hunter L values are objective measures of exposed lean color (0 = black; 100 = white). 
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Table 4. Sensory panel evaluation least squares means (±SE) from generation 6 of a 
selection experiment for increased intramuscular fat in Duroc swine. 
 Linea  
Item    SL   CL SL-CL 
Juiciness score 6.59 ± 0.13 6.37 ± 0.13 0.22 ± 0.18 
Chewiness score 2.94 ± 0.18 3.06 ± 0.18 -0.12 ± 0.25 
Tenderness score 6.52 ± 0.21 6.35 ± 0.21 0.17 ± 0.29 
Flavor score 2.80 ± 0.13 2.39 ± 0.13 0.41 ± 0.18* 
Off-flavor score 2.38 ± 0.14 2.78 ± 0.15 -0.40 ± 0.20* 
aSL = select line, result of 6 generations of selection for increased intramuscular fat based on a 2-trait 
animal model that included IMF measured on the carcass and predicted via ultrasound; CL = randomly 
mated, unselected control line. 
*P < 0.05; **P < 0.01; ***P < 0.001. 
1Trained sensory panel evaluations of juiciness (1 = dry; 10 = juicy), chewiness (1 = not chewy; 10 = very 
chewy), tenderness (1 = tough; 10 = tender), flavor (1 = little pork flavor, bland; 10 = extremely flavorful, 
abundant pork flavor), and off-flavor (1 = no off-flavor; 10 = abundant non-pork flavor). 
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ABSTRACT: Design of breeding programs requires knowledge of variance components 
that exist for traits included in specific breeding goals and the genetic relationships that 
exist among traits of practical relevance.  A study was conducted to evaluate direct and 
correlated genetic responses to selection for intramuscular fat (IMF) and estimate genetic 
parameters for economically important traits in Duroc swine.  Forty gilts were purchased 
from U.S. breeders and randomly mated for 2 generations to boars available in regional 
boar studs to develop a base population of 56 litters.  Littermate pairs of gilts from this 
population were randomly assigned to either a select line (SL) or control line (CL) and 
mated to the same boar to establish genetic ties between lines.  In the SL, the top 10 boars 
and 75 gilts were selected based on IMF EBV obtained from a bivariate animal model 
that included IMF evaluated on the carcass and IMF predicted via ultrasound.  One boar 
from each sire family and 50 to 60 gilts representing all sire families were randomly 
selected to maintain the CL.  Carcass and ultrasound IMF were both moderately heritable 
(0.31 and 0.38, respectively).  Moderate to high genetic relationships were estimated 
between carcass backfat and meat quality measures of IMF, Instron tenderness, and 
objective loin muscle color.  Based on estimates obtained in this study, more desirable 
genetic merit for pH is associated with elevated genetic values for loin color, tenderness, 
and sensory characteristics.  Intramuscular fat measures obtained on the carcass and 
predicted using ultrasound technology were highly correlated (rg = 0.86 from a 12-trait 
analysis; rg = 0.90 from a 5-trait analysis).  Estimated genetic relationships of either IMF 
measure and other traits evaluated were generally consistent.  Intramuscular fat measures 
were also genetically associated with instrumental tenderness and flavor score in a 
desirable direction.  The direct genetic response in IMF measures observed in the SL 
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corresponded to a significant decrease in EBV for carcass loin muscle area (-0.90 cm2 per 
generation) and an increase in carcass backfat EBV (0.98 mm per generation).  Selection 
for IMF has led to more desirable EBV for objective tenderness and had an adverse effect 
on additive genetic merit for objective loin color. 
INTRODUCTION 
Specific goals of breeding programs are subject to change due to alterations in 
economic values associated with different production parameters.  This notion has been 
vastly characterized in recent years within the swine industry where the general focus of 
genetic improvement has shifted from a primary emphasis on efficient production of lean 
product (i.e. lean growth) toward that of a dual focus on carcass leanness coupled with 
product quality and consistency (Lonergan et al., 2001; Murray et al., 2004; Schwab et 
al., 2006).  However, such industry goals have been met with limitations specific to the 
processing of pork carcasses that do not allow accurate and easy-to-measure methods for 
evaluating meat quality indicators on a routine basis.   
In light of such industry changes, accurate and non-invasive methods to evaluate 
components of meat quality on the live animal have received more attention in breeding 
programs.  Recent developments in real-time ultrasound technology have allowed 
accurate prediction of intramuscular fat percentage (IMF) in the live animal (Amin et al., 
1997; Newcom et al., 2002) to augment traditional sib and progeny testing methods of 
genetic improvement for IMF.  Heritability estimates for real-time ultrasonic 
measurements of carcass composition, IMF, and measures of eating quality, along with 
the genetic correlations among these traits and other traits of economic importance are 
limited in the scientific literature.  Design of breeding programs requires knowledge of 
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the variance components that exist for traits included in specific breeding goals, along 
with the genetic relationships that exist among traits of practical relevance (van Wijk et 
al., 2005).   
 The overall objective of this study was to evaluate the efficacy of selection for 
IMF with the use of real-time ultrasound technology.  The second objective was to 
estimate genetic parameters associated with various economically relevant meat quality, 
eating quality, and production measures in a selected population of Duroc swine.   
MATERIALS AND METHODS 
Derivation of Lines  
Experimental protocols for this study were approved by the Iowa State University 
Institutional Animal Care and Use Committee.  A selection project was initiated in 1998 
through the purchase of 40 registered Duroc gilts from 10 Midwest Duroc breeders.  
Using semen from Duroc boars available in regional U.S. boar studs, 2 generations of 
random mating were conducted to expand the population and produce the base generation 
of 56 litters.  At weaning, 2 boars in each litter (when available) were randomly selected 
to remain intact while all other males were castrated.  Littermate pairs of gilts from the 
base generation were randomly designated to either the control (CL) or select line (SL).  
Littermate pairs of females were then mated to the same boar (via natural mating or AI) 
to establish sufficient genetic ties between lines before selection was initiated.  A total of 
24 sires from 14 different sire families were utilized to generate 50 CL and 45 SL litters 
in generation 1.  All boars and females utilized within the base generation were tested to 
ensure the absence of the recessive mutant HAL1843 allele (Fujii et al., 1991).  In 
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subsequent generations, up to 4 boars in each SL litter (when available) were randomly 
selected to remain intact to increase selection intensity. 
Progeny Test and Ultrasound Measurements 
Pigs were housed in a mechanically ventilated, curtain-sided finishing building 
with fully slatted floors and were provided 0.77 m2 of floor space each in pens of 20 to 25 
pigs from 34 kg until they were weighed and scanned off test by pen at an average weight 
of 110 kg.  A 17.5% CP, 1.15% lysine corn-soy diet was provided ad libitum from 34 to 
68 kg, followed by a 16.0% CP, 0.85% lysine corn-soy diet from 68 to 91 kg, and a 
15.0% CP, 0.70% lysine corn-soy diet from 91 kg until weighed off test.  All generation 6 
progeny were weighed on test at a mean live weight of 42 (±9) kg.  Off-test ultrasonic 
measurements of 10th rib LM area (ULMA), off-midline backfat (UBF), and 
intramuscular fat percentage (UIMF) were collected at a mean live weight of 110 (±14) 
kg.  Ultrasonic images were collected with an Aloka 500V SSD ultrasound machine fitted 
with a 3.5 MHz, 12.5 cm linear-array transducer (Corometrics Medical Systems, Inc., 
Wallingford, CT) by a National Swine Improvement Federation certified technician 
(Bates and Christian, 1994).  A sound transmitting guide conforming to the pig’s back 
was attached to the ultrasound probe and vegetable oil was used as conducting material 
between the probe and skin.  Off-midline UBF and ULMA were measured from a cross-
sectional image taken at the 10th rib.  A minimum of 4 longitudinal images were collected 
7 cm off-midline across the 10th to 13th ribs.  Final image parameters were generated 
using texture analysis software (Amin et al., 1997) and were included in a regression 
equation developed by Newcom et al. (2002) to estimate intramuscular fat percentage 
within the initial 3 generations.  The regression equation used initially (R2 = 0.32) 
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included five image parameters along with an individual measure of ultrasonic backfat.  
Updates to model parameters were then performed utilizing the most current carcass 
information (n = 770) and the resulting model (Schwab and Baas, 2006) was used in 
prediction of intramuscular fat in generations 4 to 6.  A greater amount of variation was 
described with final prediction equation (R2 = 0.36; RMSE = 1.31) which utilized 9 
image parameters and no backfat information. 
Carcass Evaluation 
Upon completion of the performance test period, all available barrows and 
randomly selected gilts were harvested at a commercial abattoir (Hormel Foods, Austin, 
MN).  Carcass measurements were obtained by Iowa State University personnel 24 h 
post-mortem.  Standard carcass collection procedures, as outlined in Pork Composition 
and Quality Assessment Procedures (NPPC, 2000), were followed to obtain 
measurements of 10th rib backfat (CBF) and loin muscle area (CLMA).  A section of 
bone-in loin containing the 10th to 12th ribs was excised from the carcass and transported 
to the Iowa State University Meat Laboratory.  A 3.2 mm slice from the 10th rib face was 
removed and utilized for percent lipid content determination (CIMF) (Bligh and Dyer, 
1959).  Carcass pH was measured 48 h post-mortem on the 10th rib face of the 
longissimus muscle using a pH star probe (SFK Ltd, Hvidovre, Denmark).  Objective 
color measurements of Hunter L score and Minolta Reflectance (a measure of light 
reflectance where lower values indicate darker and more desirable color) were measured 
on the 10th rib face of the loin using a Minolta CR-310 (Minolta Camera Co., Ltd., Osaka, 
Japan) with a 50-mm-diameter aperture, D65 illuminant, and calibrated to the white 
calibration plate.  The 11th and 12th rib sections were cut into 2.54 cm samples and set 
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freshly cut side up for 10 min to allow the sample to bloom.  Subjective measures of 
color (1 = pale pinkish gray to white; 6 = dark purplish red), marbling (1 = 1.0% IMF; 10 
= 10.0% IMF), and firmness (1 = soft; 3 = very firm) were evaluated on the 11th rib face 
according to NPPC (2000) by personnel trained in meat quality evaluation.  Water 
holding capacity was measured on the 11th rib face using the filter paper method 
described by Kauffman et al. (1986) and is reported in milligrams of water absorbed by 
the filter paper (lower values are more desirable).    
Sensory Evaluation 
The 11th and 12th rib sections of each loin sample were vacuum packaged and 
taken to the Iowa State University Food Science Laboratory where they were refrigerated 
at 0º C for 7 d.  A trained sensory panel with 3 members evaluated cooked loin quality 
attributes (Huff-Lonergan et al., 2002).  Both rib sections were cooked to 71º C in an 
electric broiler (Amana model ARE 640, Amana, IA), with sample temperature 
monitored by Chromega/Alomega thermocouples attached to an Omega digital 
thermometer (DSS-650, Omega Engineering, Inc., Stamford, CT).  Weights prior to and 
immediately after cooking were used to calculate percent cooking loss.  Three 1.3 cm3 
cubes were removed from the center of the 11th rib sample and evaluated by a trained 
sensory panel for juiciness (1 = dry, 10 = juicy), tenderness (1 = tough; 10 = tender), and 
flavor (1 = little pork flavor, bland; 10 = extremely flavorful, abundant pork flavor) using 
an end-anchored, 10-point scoring system (AMSA, 1995).  Individual booths with red 
overhead lighting were provided for each panelist.  Sample evaluations were averaged 
across panelists for analysis.  The 12th rib section was evaluated for tenderness using an 
Instron Universal Testing Machine (model 1122; Instron Corp., Canton, MA) fitted with 
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a circular, 5-pointed star probe (9 mm diameter with 6 mm between points) (Oltrogge-
Hammernick and Prusa, 1987). 
Genetic Evaluation and Mating Procedures 
 In order to evaluate the most accurate and efficient selection method, carcass and 
ultrasound information from the first 2 generations was utilized to simulate subsequent 
generations using 3 different selection models (Newcom et al., 2005).  Results of 
estimated genetic change in IMF illustrated that selection based on IMF EBV using a 
combination of UIMF and sib measures of CIMF should provide the greatest response to 
selection. 
Breeding values within each generation were estimated for predicted (UIMF) and 
carcass (CIMF) intramuscular fat by fitting a 2-trait animal model in MATVEC (Wang et 
al., 2003) using the following model: y = Xb + Za + Wc + β x + e, where y = vector of 
observations; b = vector of fixed effects (contemporary group and sex), a = vector of 
random additive genetic effects, which utilizes the numerator relationship matrix among 
animals; c = vector of common litter effects, which is assumed to be uncorrelated with 
the random animal effects, β = linear regression coefficient, x = vector of appropriate off-
test or hot carcass weight, and e = vector of residuals.  The incidence matrices relating 
observations to fixed, random animal, and common litter effects are X, Z, and W, 
respectively.  Genetic and environmental (co)variances were updated each generation 
using UIMF and CIMF values from all pigs in prior generations.  Selection was based on 
EBV for CIMF.  In the select line, the 10 boars and 75 gilts with the highest EBV were 
selected.  One boar from each sire family and 50 to 60 gilts representing all sire families 
were randomly selected to maintain the CL.  Inbreeding coefficients of individuals and all 
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possible matings among selection candidates were calculated with the use of the PROC 
INBREED procedure in SAS (SAS Inst., Cary, NC).  This information was utilized to 
design matings in both lines in an attempt to minimize inbreeding accumulation.  
Average inbreeding coefficients for progeny in generation 6 were 4.8% and 9.5% for the 
control and select lines, respectively.  Descriptive statistics for growth, carcass, and meat 
and eating quality traits evaluated in this study are presented in Table 1. 
Statistical Analysis 
Data were first fitted to a mixed linear model to investigate fixed effects on the 
traits under study (SAS Inst., Cary, NC).  For each trait, fixed effects of sex of animal 
(boar, gilt, or barrow) and contemporary group (based on appropriate off-test or harvest 
date within generation) were included.  Linear and quadratic effects of appropriate off-
test or hot carcass weight and individual inbreeding coefficients were also evaluated as 
sources of variation for each trait.  Effects that accounted for a significant amount of 
variation (P < 0.05) for each dependent variable, and thus were included in subsequent 
analysis, are presented in Table 2. 
Genetic parameters and genetic responses were estimated with an animal model 
using the statistical software DMU (Madsen and Jensen, 2003) with the average 
information restricted maximum likelihood procedure DMUAI.  All known pedigree 
relationships back to the animals used to initiate the population were included.  The 
number of animals in the pedigree with a non-zero inbreeding coefficient was 4655.   
Univariate Analysis.  Each trait was analyzed with a single trait model to obtain 
initial estimates for the components of variance due to animal additive genetic effects, 
common environment effects of birth litter, and residual.  The convergence criterion, the 
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norm of the update vector, was 1.0 x 10-9 for all single-trait analyses.  Heritability was 
calculated as the ratio of animal genetic variance to the sum of additive genetic, common 
environmental and residual variances (i.e. total variance).  Variance components due to 
common environment that described less than 1% of the phenotypic variance for a trait 
were removed from subsequent multi-trait models.  Fixed and random sources of 
variation included in multi-trait analyses models are detailed in Table 2.   
 Multivariate Analysis.  Two separate multi-trait analyses were performed.  The 
first analysis involved a 12-trait model that included measures of growth performance, 
carcass composition, meat quality, and eating quality.  A second 5-trait analysis was 
performed that included growth and ultrasound measures obtained at the completion of 
the performance testing period.  Estimation of responses in traits directly selected for and 
correlated responses in other economically relevant traits were the main objectives of the 
study.  Due to the fact that selection was based on EBV obtained from a bivariate model 
that included CIMF and UIMF, these traits were included in both multi-trait analyses to 
account for the effect of selection (Meyer, 1989).  Estimates of genetic, common 
environment, and residual (co)variance components available from previous 
investigations (NPPC, 1995; Newcom et al., 2005) were used as starting values in each 
multi-trait analysis.  For ultrasonic measures of backfat and loin muscle area, where 
(co)variance components were not available from previous studies, estimates for 
corresponding carcass measures were used.  Convergence criteria of 10-7 and 10-5 were 
designated for each of the 5- and 12-trait analyses, respectively.  After initial 
convergence was attained, 3 cold restarts were performed to ensure global convergence, 
as determined when (co)variance estimates did not change to the second decimal.   
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 The general form of the models was:  
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Where yi represents a vector of observations for trait i; bi is a vector of fixed effects, with 
incidence matrix Xi; ai is a vector of random additive genetic effects, with incidence 
matrix Zai; ci is a vector of random common environmental effects of birth litter, with 
incidence matrix Wci, assumed to be uncorrelated with other random effects; βi is a vector 
of appropriate covariates (off-test or hot carcass weight); and ei is a vector or residual 
effects, assumed to be uncorrelated with other random effects, for trait i.  Expectations 
and (co)variance matrices assumed for the random additive genetic, common 
environmental effect, and residual effects were:  
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Where G, P, and R are additive genetic, common environmental, and residual 
(co)variance matrices, respectively, with order equal to n traits in the analysis.  A is the 
numerator relationship matrix, and I is an identity matrix of appropriate order.   
Estimates of variance components and corresponding heritabilities are presented 
in Table 3.  Heritability, genetic correlation, and breeding value estimates for UBF and 
ULMA were obtained from a 5-trait model, while estimates corresponding to all other 
traits were obtained from a 12-trait model.  Average breeding value estimates from each 
line-generation combination were regressed on generation number and plotted to 
illustrate genetic trends.   
RESULTS AND DISCUSSION 
Variance Component and Heritability Estimates 
 In relation to phenotypic variance, notable additive genetic effects were detected 
for all traits evaluated (h2 range of 0.04 to 0.61).  Estimates of h2 were highest for 
ultrasonic and in-plant measures of carcass composition.  Moderate to high heritability 
estimates were obtained for UBF, ULMA, CBF, and CLMA (Table 3).  Stewart and 
Schinkel (1989) reported an average h2 among published estimates for carcass backfat 
(avg. h2 = 0.52), carcass loin muscle area (avg. h2 = 0.47), and ultrasonic backfat (avg. h2 
= 0.41), which are similar to estimates of the present study.  These h2 estimates present 
opportunities for efficient genetic progress in these traits and correspond to genetic trends 
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for lean percentage in Duroc pigs over the past 2 decades (Chen et al., 1999).  
Surprisingly, based on previous investigations, AGE at a constant off-test weight had the 
lowest h2 estimate in the current study.  This estimate is much lower than that detected in 
Duroc-cross pigs (Lo et al., 1992) and in Large White pigs (Sonneson et al., 1998).  No 
clear explanation can be offered for this finding outside of probable differences that exist 
between the populations under study.  It may be possible that differences in major gene 
segregation such as halothane (Fujii et al., 1991), melanocortin-4 receptor (Kim et al., 
2000), and insulin-like growth factor binding protein 2 (Li et al., 2006) between research 
populations may influence h2 estimates.   
 Intramuscular fat, measured ultrasonically or through chemical lipid extraction, 
was moderately heritable (h2 = 0.31 and 0.38 for UIMF and CIMF, respectively).  These 
estimates are similar to those reported by Newcom et al. (2003).  Loin color measures 
were moderately heritable in the current population.  However, additive genetic variation 
described a smaller proportion of phenotypic variance in subjective color scores (h2 = 
0.30) when compared to objective Hunter L values (h2 = 0.50).  Though both estimates 
are within the range of published values reported by Sellier (1998), the difference in 
estimates between loin color measures estimated here may be explained by the scoring 
nature of the subjective values.  In general, biochemical and sensory attributes of loins 
resulted in the lowest estimates of h2 (range 0.09 to 0.38).  Due to the possibility of 
various environmental influences that exist for such traits, this result is not surprising.  
Sellier (1998) reported similar low to moderate h2 values for ultimate pH (avg. h2 = 0.21; 
range 0.07 to 0.39) and instrumental determination of tenderness (avg. h2 = 0.26; range 
0.17 to 0.46).  This review of published h2 estimates also reported a range of estimates for 
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sensory measures of juiciness (JS), tenderness (TS), and flavor (FS) that encompasses 
estimates obtained from the current population (Table 3).  The relatively low h2 values 
for pH, Instron tenderness, and sensory attributes observed in this study may limit the 
genetic progress that can be made for these traits.  These results also substantiate the 
potential value of genetic indicators that are easier to phenotypically evaluate and contain 
a larger genetic component.  Heritability estimates from the multi-trait analysis were 
similar to estimates obtained from single-trait analysis (data not shown).  The average 
deviation in h2 estimates from the two different models was 0.05, while the largest 
difference in estimates occurred for CIMF (h2 = 0.53 from single-trait analysis; h2 = 0.38 
from multi-trait analysis).   
 Random effects of common environment (birth litter) were initially tested in 
univariate analyses to avoid overestimation of additive genetic variances.  As described 
earlier, this effect was included in multi-trait analyses when greater than 1% of the 
phenotypic variance was explained by litter effects.  Single trait analyses indicated that 
common environment effects were negligible for most meat and eating quality traits 
(Table 3).  The common litter effect estimates the similarity of measures due to a shared 
preweaning environment among littermates (pre- or postnatal), and may include variation 
due to dominance or imprinting effects.  A sizeable litter effect (c2 = 0.85) was detected 
for AGE at off-test.  This estimate is higher than what has been observed in previous 
investigations and may describe the difference in h2 estimates that exist among literature 
estimates.  Here, we show that preweaning environment may have a substantial influence 
on growth measured from birth to market.  Li and Kennedy (1994) reported a substantial 
litter effect for AGE to 100 kg (c2 = 0.29) in Canadian Durocs.  Other studies have 
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reported h2 values for AGE (Kuhlers and Jungst, 1991; NPPC, 1995) and have not 
accounted for random variation due to common environment, and thus may represent an 
overestimation of additive genetic variance.  Common environmental effects for carcass 
and ultrasound measures of backfat, loin muscle area, and IMF ranged from 0.03 to 0.16, 
and is similar to the results from previous investigations (Chen et al., 1999; Li and 
Kennedy, 1994; van Wijk et al., 2005).   
Correlations among Traits 
Genetic correlations among traits measured on the live animal at off-test are 
presented in Table 4, while estimates among similar traits along with estimates for traits 
measured on the carcass are presented in Table 5. 
Correlations among growth and carcass composition.  Carcass leanness and 
growth performance have received much attention in genetic improvement programs over 
the past 2 decades (Hayenga et al., 1985).  Genetic correlations estimated in the current 
investigation support the general impression that selection for decreased backfat should 
lead to a correlated increase in loin muscle area (rg = -0.77 between CBF and CLMA).  
Similar implications can be drawn from the estimates obtained between ultrasound 
measures (Table 4).  Here, we also find that growth performance does not have a strong 
genetic relationship with carcass composition measures.  Genetic parameters of AGE at 
off-test were generally associated with larger standard errors when compared to the other 
trait categories studied.  This observation may be expected based on the low heritability 
estimate for AGE at off-test in the current population.  Sellier (1998) also reported a 
relatively large range in published estimates of the genetic parameters of growth 
performance.  Inconsistency in estimates here and among published estimates for growth 
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is likely due to population differences in combination with variations in measurement and 
estimation methods, indicating that growth performance measures investigated among 
different reports may not be genetically identical.   
Correlations among meat quality and sensory traits.  With the exception of 
objective loin color, genetic relationships among meat and eating quality characteristics 
were desirable (Table 5).  No significant genetic relationships were detected between 
Hunter L values (HUN) and sensory attributes.  The estimate between HUN and 
subjective color scores (rg = -0.85) suggests that these traits are genetically similar; 
however, correlations among each color measure and other meat quality traits differ.  
This result is underlined by the estimated genetic correlation between HUN and INST (rg 
= -0.39), indicating that selection for either of these characteristics will have a 
detrimental effect on the other.  These results differ from previous investigations (NPPC, 
1995) where INST was positively associated with HUN (rg = 0.24) and negatively 
correlated with subjective color (rg = -0.23).    
Moderate to strong genetic correlations were estimated between 48 h pH and all 
other meat quality and sensory traits, except IMF measures.  Based on estimates obtained 
in this study, genetic improvement in pH should have a desirable effect on loin color, 
tenderness, and palatability characteristics.  Moderate to high genetic associations were 
detected among the three sensory measures evaluated in the current study (range 0.51 to 
0.77).  This result is consistent with the findings of Thompson (2004) in beef cattle, 
which suggests that evaluations between sensory attributes are highly correlated within a 
given panelist.  Results from the current population also imply that selection for 
instrumental measures of tenderness should correspond to improvement in sensory panel 
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evaluations of tenderness (rg = -0.79).  A similar result (rg = -0.82) was reported by NPPC 
(1995).   
Correlations among carcass composition and meat quality.  The general 
conclusion reported by other investigations (Berger et al., 1994; van Wijk et al., 2005; 
Knapp et al., 1997; NPPC, 1995) that several antagonisms exist between measures of 
carcass leanness and general meat quality are also detected within the present study 
(Table 5).  Specifically, a moderate genetic correlation (antagonistic in nature) was 
detected between INST and carcass measures of CBF and CLMA.  A moderate 
relationship was found between objective loin color and carcass measures of backfat (rg = 
0.35) and loin muscle area (rg = -0.42).  Though the direction of this correlation is 
desirable in the current population, it differs from estimates of other investigations.  Van 
Wijk et al. (2005) reported an antagonistic relationship between carcass leanness and 
objective color readings of Minolta L* values, while other reports (NPPC, 1995) found a 
genetic relationship near zero.  As stated earlier, variations in estimates may be 
population specific and involve differences in the measurements used to estimate the 
genetic relationship. 
Correlations among main selection traits and other measures evaluated.  
Intramuscular fat measures obtained on the carcass (CIMF) and predicted with the use of 
ultrasound technology (UIMF) were highly correlated (rg = 0.86 from 12-trait analysis; rg 
= 0.90 from 5-trait analysis).  Estimated genetic relationships of either IMF measure and 
other traits evaluated were generally consistent.  Notable correlations were detected 
between IMF measures and carcass and ultrasonic measures of backfat and loin muscle 
area.  These results are supported by the average published estimate between IMF and 
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lean percentage (avg. rg = -0.34) reported by Sellier et al. (1998).  Intramuscular fat 
measures were also genetically associated with INST and FS in a desirable direction.  
Correlations near zero were detected between IMF measures and AGE, pH, and sensory 
evaluations of JS and TS.  Moderate antagonistic associations, however, were estimated 
between HUN and both measures of IMF.  Hunter L values are a measure of color 
evaluated on a section of exposed lean, and may be affected by variation in intramuscular 
lipid content also exposed at the site of measurement, especially at relatively high IMF 
levels.  This correlation is near zero for color measured subjectively.  An average 
published estimate of the genetic correlation between IMF and Minolta Reflectance (avg. 
rg = 0.01) was reported by Sellier (1998), which contrasts results found in the current 
population.   
Based on estimates in this study, genetic improvement in IMF will lead to 
products with more desirable tenderness and flavor.  However, estimates of genetic 
correlations also imply that more backfat and paler objective measures of loin color may 
result when selection is directed toward increased IMF.   
Genetic Trends 
Results from regressions of estimated breeding values on generation number by 
line are given in Table 6.  Plots of average EBV by generation for each line are presented 
for IMF measures, growth and carcass composition, meat quality, and sensory traits in 
Figures 1 through 4, respectively.  Genetic trends generally agree with estimated genetic 
correlations.  In some cases, significant genetic changes were detected in the CL, 
generally in the opposite direction of the SL.  This result may be attributed to the 
phenomenon of random genetic drift.  Select line regressions were positive and highly 
  
87
significant (P < 0.001) for CIMF and UIMF EBV.  In the SL, CIMF and UIMF EBV 
increased by 0.36% and 0.22% per generation, respectively.  This genetic response is 
illustrated graphically in Figure 1.  
Genetic parameters estimated here were included in the SelAction software 
package (Rutten and Bijma, 2001) to predict asymptotic response per generation for 
CIMF and UIMF.  Responses of 0.49% and 0.29% per generation were predicted for 
CIMF and UIMF, respectively.  These values are slightly higher than the genetic 
response realized per generation for these traits in the current population (Table 6).  
Additionally, inbreeding levels were predicted to increase by 2.86% per generation, 
which is higher than the realized per-generation increase of 1.76%.  Mating design 
procedures used in the current study to minimize inbreeding accumulation appear to have 
been successful; however, potential genetic gain may have been sacrificed. 
The direct genetic response in IMF measures observed in the SL corresponded to 
a significant decrease in EBV for carcass loin muscle area of -0.90 cm2 per generation 
and an increase in CBF EBV of 0.98 mm per generation.  A smaller, yet significant, 
change in additive breeding value for similar ultrasound measures (Table 6) was also 
found for the SL.  The genetic trends for measures of carcass composition underline the 
genetic correlations between IMF and these traits described earlier.  A small per-
generation increase in AGE EBV was detected in the SL, indicating that additive genetic 
merit for growth has been adversely affected by selection for increased IMF.   
No correlated genetic responses were detected for subjective color and pH and are 
in agreement with estimated genetic correlations.  As illustrated in Figure 3 and detailed 
in Table 6, selection for IMF has led to more desirable EBV for objective tenderness and 
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had an adverse effect on additive genetic merit for objective loin color.  As implied by 
the genetic correlation estimated between IMF measures and sensory evaluations of 
flavor, a positive correlated genetic response was found for FS (P < 0.05).  A correlated 
response in sensory traits of tenderness and juiciness was not found, and agrees with 
estimated genetic correlations between these traits and both measures of IMF.   
IMPLICATIONS 
Heritability estimates detected for carcass composition, meat quality, and sensory 
measures, indicate that improvement in these traits may be attained if adequate selection 
pressure is applied.  Estimates obtained within the current population illustrate that 
substantial genetic relationships exist between many economically relevant traits.  
Genetic parameters and trends estimated after 6 generations of selection for intramuscular 
fat indicate that the use of ultrasound technology may provide a non-invasive method for 
genetic improvement of IMF and other meat and eating quality components.  However, 
genetic improvement programs aimed at meat quality improvement should be aware of 
possible adverse effects on carcass leanness, muscling, and loin color.   
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Table 1. Descriptive statistics of production traits evaluated in a study involving selection for intramuscular fat in a population of 
purebred Duroc swine 
  No. of     
Trait Abbreviation records  Mean SD Minimum Maximum
Carcass intramuscular fat, % CIMF    862     3.83   1.46     1.07   10.67 
Ultrasound intramuscular fat, % UIMF 3,925     3.91   1.01     0.51     8.22 
Age at off-test, d AGE 4,094 180.58 10.40 146.00 214.00 
Carcass 10th rib backfat, mm CBF    836   19.99   5.85     6.76   43.95 
Ultrasound 10th rib backfat, mm UBF 3,998   17.04   4.75     6.08   40.80 
Carcass 10th rib loin muscle area, cm2 CLMA    837   40.77   5.41   25.15   59.34 
Ultrasound 10th rib loin muscle area, cm2 ULMA 3,998   41.05   5.29   26.12   60.31 
Subjective colora C    821     3.27   0.62     1.00     6.00 
48 h Hunter L scoreb HUN    400   47.63   2.65   39.73   54.77 
48 h pH  pH    466     5.69   0.14     5.36     6.27 
Instron tenderness, kg INST    612     5.64   0.97     2.88     9.39 
Juiciness scorec JS    608     6.10   1.25     1.67     9.33 
Tenderness scorec TS    608     6.27   1.41     1.67   10.00 
Flavor scorec FS    608     2.82   1.12     1.00     9.00 
aSubjective color score (1 = pale pinkish gray to white; 6 = dark purplish red). 
bHunter L values are objective measures of exposed lean color (0 = black; 100 = white). 
cTrained sensory panel evaluations of juiciness (1 = dry; 10 = juicy), tenderness (1 = tough; 10 = tender), flavor (1 = little pork flavor, bland; 10 = extremely 
flavorful, abundant pork flavor). 
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Table 2. Model fixed effects, linear covariates, and random effects included for traits evaluated in the analysis of genetic parameters 
from a population of purebred Duroc swine 
 Fixed effectsa  Covariatesb  Random effectsc 
Traitd Sex 
Contemporary 
group  
Off-test 
weight 
Hot carcass 
weight  
Additive 
genetic 
Common 
environment 
CIMF X X   X  X X 
UIMF X X  X   X X 
AGE X X  X   X X 
CBF X X   X  X X 
UBF X X  X   X X 
CLMA X X   X  X X 
ULMA X X  X   X X 
C X X     X  
HUN X X     X  
pH X X     X  
INST X X     X  
JS X X     X  
TS X X     X  
FS X X     X  
aSex = boar, gilt, or barrow; Contemporary group = based on appropriate off-test or harvest date within generation. 
bOff-test weight = live weight at completion of performance testing period; hot carcass weight = in-plant weight before entering cooler 
cAdditive genetic = random effect of individual additive genetic merit; common environment = random common environmental effect of birth litter. 
dCIMF = carcass intramuscular fat percentage; UIMF = ultrasound intramuscular fat percentage; AGE = days of age at off-test; CBF = carcass 10th rib backfat; 
UBF = ultrasound 10th rib backfat; CLMA = carcass 10th rib loin muscle area; ULMA = ultrasound loin muscle area; C = subjective color score; HUN = 48 h 
Hunter L score; pH = 48 h pH; INST = Instron tenderness; JS, TS, and FS = sensory taste panel evaluations of juiciness, tenderness, and flavor, respectively. 
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Table 3. Phenotypic variance ( 2pσ ), animal genetic variance ( 2aσ ), common 
environmental variance of litter ( 2lσ ), and heritability (h2) estimates from a multi-trait 
animal model evaluation of purebred Duroc swinea 
Traitb 2pσ  2aσ  2lσ  h2 
CIMF   1.65   0.62   0.10 0.38 
UIMF   0.59   0.18   0.03 0.31 
AGE 55.70   2.19 47.60 0.04 
CBF 21.06   8.36   3.30 0.40 
UBF 13.03   7.60   0.65 0.58 
CLMA 18.84 11.49   0.54 0.61 
ULMA 15.45   7.90   0.97 0.51 
C   0.36   0.11 - 0.30 
HUN   6.67   3.37 - 0.50 
pH   0.02   0.01 - 0.38 
INST   0.78   0.23 - 0.29 
JS   1.42   0.13 - 0.09 
TS   1.86   0.36 - 0.19 
FS   1.17   0.14 - 0.12 
aAll estimates obtained from 12-trait model except UBF and ULMA which were estimated from a 5-trait 
model. 
bCIMF = carcass intramuscular fat percentage; UIMF = ultrasound intramuscular fat percentage; AGE = 
days of age at off-test; CBF = carcass 10th rib backfat; UBF = ultrasound 10th rib backfat; CLMA = carcass 
10th rib loin muscle area; ULMA = ultrasound loin muscle area; C = subjective color score; HUN = 48 h 
Hunter L score; pH = 48 h pH; INST = Instron tenderness; JS, TS, and FS = sensory taste panel evaluations 
of juiciness, tenderness, and flavor, respectively. 
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Table 4. Genetic correlation estimates (±SE) obtained from a five-trait analysis in a 
population of purebred Duroc swine 
Traita UIMF AGE UBF ULMA 
CIMF 0.90 0.42 0.43 -0.15 
 (0.09) (0.66) (0.12) (0.13) 
UIMF  0.37 0.51 -0.27 
  (0.56) (0.07) (0.09) 
AGE   -0.37 0.12 
   (0.55) (0.36) 
UBF    -0.28 
    (0.07) 
aCIMF = carcass intramuscular fat percentage; UIMF = ultrasound intramuscular fat percentage; AGE = 
days of age at off-test; UBF = ultrasound 10th rib backfat; ULMA = ultrasound loin muscle area. 
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Table 5. Genetic correlation estimates (±SE) obtained from a twelve-trait analysis in a 
population of purebred Duroc swine 
Traita UIMF AGE CBF CLMA C pH HUN INST JS TS FS 
CIMF 0.86 0.16 0.42 -0.38 -0.16 0.01 0.52 -0.31 0.17 0.22 0.65 
 (0.09) (0.24) (0.17) (0.15) (0.19) (0.20) (0.15) (0.19) (0.31) (0.22) (0.25) 
UIMF  0.18 0.59 -0.40 0.06 0.16 0.31 -0.25 0.12 0.05 0.60 
  (0.19) (0.12) (0.12) (0.15) (0.15) (0.14) (0.15) (0.23) (0.18) (0.22) 
AGE   0.13 -0.19 0.28 -0.16 0.00 0.63 0.17 -0.29 0.12 
   (0.27) (0.23) (0.31) (0.31) (0.27) (0.38) (0.53) (0.39) (0.43) 
CBF    -0.77 0.06 -0.18 0.35 -0.38 -0.11 0.04 0.06 
    (0.11) (0.21) (0.22) (0.20) (0.20) (0.35) (0.25) (0.29) 
CLMA     -0.02 0.11 -0.42 0.25 0.10 0.04 -0.18 
     (0.18) (0.19) (0.16) (0.18) (0.30) (0.22) (0.25) 
C      0.62 -0.85 0.33 0.44 -0.16 0.34 
      (0.17) (0.11) (0.25) (0.40) (0.29) (0.31) 
pH       -0.60 -0.24 0.78 0.43 0.73 
       (0.15) (0.24) (0.35) (0.25) (0.23) 
HUN        -0.39 -0.31 0.20 -0.06 
        (0.23) (0.36) (0.27) (0.32) 
INST         -0.30 -0.79 -0.32 
         (0.37) (0.15) (0.31) 
JS          0.73 0.77 
          (0.28) (0.50) 
TS           0.51 
           (0.30) 
aCIMF = carcass intramuscular fat percentage; UIMF = ultrasound intramuscular fat percentage; AGE = 
days of age at off-test; CBF = carcass 10th rib backfat; CLMA = carcass 10th rib loin muscle area; C = 
subjective color score; HUN = 48 h Hunter L score; pH = 48 h pH; INST = Instron tenderness; JS, TS, and 
FS = sensory taste panel evaluations of juiciness, tenderness, and flavor, respectively. 
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Table 6. Coefficients (b) and standard errors (SE) for regressions of estimated breeding 
values on generation by trait and line 
 CLa  SLb 
Traitc b SE Pd  b SE Pd 
IMF -0.040 0.012 *   0.356 0.035 *** 
UIMF -0.023 0.004 **   0.216 0.023 *** 
AGE -0.048 0.009 **   0.149 0.017 *** 
CBF -0.227 0.030 ***   0.979 0.098 *** 
UBF -0.028 0.053 ns   0.877 0.071 *** 
CLMA  0.359 0.030 ***  -0.903 0.065 *** 
ULMA  0.382 0.020 ***  -0.383 0.076 ** 
C -0.001 0.003 ns   0.007 0.007 ns 
pH -0.001 0.001 ns   0.003 0.002 ns 
HUN -0.022 0.032 ns   0.343 0.025 *** 
INST -0.001 0.003 ns  -0.058 0.006 *** 
JS  0.001 0.002 ns   0.007 0.007 ns 
TS  0.017 0.006 *  -0.003 0.004 ns 
FS  0.016 0.004 **   0.106 0.015 *** 
aCL = control line 
bCL = select line 
c CIMF = carcass intramuscular fat percentage; UIMF = ultrasound intramuscular fat percentage; AGE = 
days of age at off-test; CBF = carcass 10th rib backfat; UBF = ultrasound 10th rib backfat; CLMA = carcass 
10th rib loin muscle area; ULMA = ultrasound loin muscle area; C = subjective color score; HUN = 48 h 
Hunter L score; pH = 48 h pH; INST = Instron tenderness; JS, TS, and FS = sensory taste panel evaluations 
of juiciness, tenderness, and flavor, respectively. 
dns = not significant; * P < 0.05; ** P < 0.01; *** P < 0.001. 
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Figure 1. Genetic trends for carcass intramuscular fat (CIMF) and ultrasound 
intramuscular fat (UIMF) for the select (SL) and control (CL) lines in a purebred Duroc 
population estimated from a multi-trait model 
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Figure 2. Genetic trends for age at off-test (AGE), carcass backfat (CBF), and carcass 
loin muscle area (CLMA) for the select (SL) and control (CL) lines of a population of 
purebred Duroc swine estimated from a multi-trait model  
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Figure 3. Genetic trends for 48 h pH, 48 h Hunter L score (HUN), and Instron tenderness 
(INST) for the select (SL) and control (CL) lines of a population of purebred Duroc 
swine estimated from a multi-trait model  
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Figure 4. Genetic trends for sensory panel evaluations of juiciness (JS), tenderness (TS), 
and flavor (FS) for the select (SL) and control (CL) lines of a population of purebred 
Duroc swine estimated from a multi-trait model  
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SUMMARY 
 
Sufficient levels of intramuscular fat (IMF) are needed to enhance consumer 
acceptance of pork products.  As a result, IMF has recently received greater attention 
within swine genetic improvement programs.  An examination of previously described 
and novel genetic variants within candidate genes for intramuscular fat deposition was 
performed to evaluate potential use of genetic markers in marker-assisted selection 
(MAS) schemes.  Biological candidate genes implicated to play a role in adipogenesis 
investigated within two different lines of purebred Duroc pigs in this study were: 
Melanocortin-4 receptor (MC4R), Heart fatty acid binding protein (FABP3), Delta-like 
homolog 1 (DLK1), and Transcription factor 7 like 2 (TCF7L2).  A significant amount of 
phenotypic variation in intramuscular fat within the control line was described by the 
MC4R genotype and a novel BsrfI SNP within the FABP3 gene.  Polymorphic sites 
within FABP3 were significantly associated with IMF breeding value in both lines 
investigated.  Variations in gene effects between lines found in this study indicate that 
possible epistatic effects within different background genomes exist among different 
swine populations.  Due to insignificant associations detected within this population, 
genetic markers for DLK1 and TCF7L2 are not currently recommended for selection in 
Duroc swine.  Existence of MC4R and FABP3 mutations may be useful markers in MAS 
schemes aimed at IMF improvement, provided that gene effects are segregating and the 
presence of an association is detected within the population.   
INTRODUCTION 
 
Use of molecular genetic information in selection programs can increase the 
capacity of management and selection tools already available.  As our knowledge about 
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the genetic factors affecting economically important traits increases, application of such 
information may add to the efficacy of pig improvement programs through extra 
responses to selection (Dekkers, 2004; Meuwissen and Goddard, 1996).  Biological and 
positional candidate genes affecting several traits of economic importance have been 
documented due to considerable advancements of linkage and physical maps of the pig 
genome as well as a growing understanding of the function and structure of the individual 
genes and gene families that are responsible for swine traits (Rothschild and Plastow, 
1999).  Due to recent drastic increases in feed costs, coupled with heightening concerns 
of consumer acceptance, traits related to lean growth and meat quality have received 
more relative interest in swine selection schemes.  However, intramuscular fat percentage 
has been reported to play a role in consumer acceptance of pork as it influences sensory 
traits of texture, tenderness, flavor, and juiciness (Lonergan et al., 2007).  Additionally, a 
minimum threshold of 2 to 3% has been suggested for optimal eating quality (Barton-
Gade, 1990; DeVol et al., 1988).  Within pig breeding populations, molecular markers 
that have an influence on meat quality will receive added attention due to potential 
restrictions in genetic improvement of such traits (generally low heritability, expensive to 
measure, and phenotype not attainable on selection candidates) through conventional 
BLUP selection.  The objective of this investigation was to study the association of 
previously published and novel sites of genetic variation within candidate genes 
implicated to be associated with economically relevant traits of meat quality and growth 
with phenotypic and genetic variation within two lines of Duroc swine.  Biological 
candidate genes implicated to play a role in adipogenesis investigated in this study were: 
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Melanocortin-4 receptor (MC4R), Heart fatty acid binding protein (FABP3), Delta-like 
homolog 1 (DLK1), and Transcription factor 7 like 2 (TCF7L2). 
MATERIALS AND METHODS 
Animals and Data Collection  
Experimental protocols for this study were approved by the Iowa State University 
Institutional Animal Care and Use Committee.  Data used in this study were from 
generation 5 of a selection project for increased IMF conducted at the Lauren Christian 
Swine Breeding Farm at Iowa State University.  The project was initiated in 1998 
through the purchase of 40 registered Duroc gilts from 10 different Duroc breeders across 
the United States.  Using semen from Duroc boars available in regional U.S. boar studs, 2 
generations of random mating were conducted to expand the population and produce the 
base generation of 56 litters.  All boars and females within the base generation were DNA 
tested to ensure the absence of the recessive mutant HAL1843 allele (Fujii et al., 1991).  At 
weaning, 2 boars in each litter (when available) were randomly selected to remain intact 
while all other males were castrated.  Littermate pairs of gilts from the base generation 
were randomly designated to either the control or select line, which were then mated to 
the same boar (via natural mating or AI) to establish sufficient genetic ties between lines 
before selection was initiated.  A total of 24 sires from 14 different sire families were 
utilized to generate 50 control and 45 select litters in generation 1.  A procedure similar 
for all generations (as described above) was used at weaning for selection of boars to 
remain intact to produce subsequent generations.  Off-test ultrasonic measurements of 
intramuscular fat percentage (UIMF) were collected at a mean live weight of 109 kg.  
Ultrasonic images were collected with an Aloka 500V SSD ultrasound machine fitted 
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with a 3.5 MHz, 12.5 cm linear-array transducer (Corometrics Medical Systems, Inc., 
Wallingford, CT) by a National Swine Improvement Federation certified technician.  
Final image parameters were generated using texture analysis software (Amin et al., 
1997) and were included in a regression equation developed by Newcom et al. (2002) to 
estimate intramuscular fat percentage.  Carcass measurements on all available barrows 
and randomly selected gilts were obtained by Iowa State University personnel 24 h post-
mortem.  Standard carcass collection procedures, as outlined in the Pork Composition and 
Quality Assessment Procedures (NPPC, 2000), were followed to obtain carcass 
measurements.  A section of bone-in loin containing the 10th to 12th ribs was excised from 
the carcass and transported to the Iowa State University Meat Laboratory.  A 3.2 mm 
slice from the 10th rib face was then removed and utilized for IMF determination (Bligh 
and Dyer, 1959).  Breeding values were estimated for predicted and carcass IMF by 
fitting the following 2-trait animal model and the full relationship matrix in MATVEC 
(Wang et al., 2003): y = Xb + Za + Wc + β + e, where y = the vector of observations; b = 
the vector of fixed effects (contemporary group and sex), a = the vector of random 
additive genetic effect, which includes the numerator relationship matrix among animals; 
c = the vector of common litter effects, which is assumed to be uncorrelated with the 
random animal effects, β = covariate of off-test weight, and e = the vector of residuals.  
The incidence matrices relating observations to fixed, random animal, and common litter 
effects are X, Z, and W, respectively.  Selection was based on EBV for carcass 
intramuscular fat percentage.  In the select line, the 10 boars and 75 gilts with the highest 
EBV were selected.  Inbreeding coefficients of individuals and all possible matings 
among selection candidates were calculated with the use of the PROC INBREED 
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procedure in SAS (SAS Inst., Cary, NC).  This information was utilized to design 
matings in both lines in an attempt to control inbreeding accumulation.  Direct and 
correlated responses to 5 generations of selection are presented in Table 1. 
Ear tissue samples from all pigs in generation 5 were collected using the 
TypiFixTM ear tag system (Agrobiogen, Deutschland, Germany).  This system allows 
simultaneous identification and tissue collection to prevent sample misidentification.  
Porcine genomic DNA was isolated from tissue samples using the NexttecTM DNA 
isolation system (Nexttec GmbH Biotechnologie) adhering to the manufacturer’s 
protocol. 
Candidate Genes and RFLP Screening 
Previously detected genetic markers.  A description of genes (MC4R, FABP3, 
DLK1) chosen for investigation along with corresponding information of published 
conditions of PCR and restriction endonuclease digestions are presented in Table 2.  
Other SNPs within biological candidate genes implicated to play a role in adipogenesis 
such as the Diacylglycerol acyltransferase 1 gene (DGAT1, Mercade et al., 2005) and 
Nesfatin-1 (Shinsuke et al., 2006), were amplified and sequenced; however, were not 
present in the population utilized in the current study.  Also, the variable MspI site in the 
FABP3 gene, as described by Gerbens et al. (1997), was not informative in the 
population under study and was not included in subsequent association analysis.   
Novel genetic variant within TCF7L2.  Primers were designed from homologous 
regions of human TCF7L2 sequences by performing a cross-species blast against the 
NCBI pig database.  The primers were: forward, 5’-CTT CCC TTT GAT CCT TCC TG-
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3’; and reverse, 5’-GCG ATA ACT TGT CAG CAC GA-3’, resulting in an amplified 
PCR product size of 892 bp.   
Sequencing of pooled PCR products from several individual pigs of both lines 
representing varying levels of IMF was conducted using an ABI sequencer 377 (Applied 
Biosystems, Foster City, CA, USA).  The sequences were compared using Sequencher 
software version 3.0 (Gene Codes, Ann Arbor, MI, USA) to detect SNPs.  Sequence 
analysis revealed a nucleotide substitution (A/G) positioned within a BsrI restriction 
enzyme recognition site within intron 8.  A new primer set was then designed to produce 
a shorter TCF7L2 sequence fragment containing only 1 enzyme recognition site to 
facilitate a PCR-RFLP genotyping assay.  Conditions of the TCF7L2 RFLP test including 
the primer set, annealing temperature, and resulting RFLP fragments are detailed in Table 
2.   
Novel genetic variant within FABP3.  The sequence fragments containing the 3 
detected genetic variants within the FABP3 gene, as outlined in Gerbens et al. (1997), 
were amplified and sequenced (as described above) to validate the existence of each site 
of genetic variation within the population under study.  Sequence results of the fragment 
used for genotyping the FABP3-HinfI mutation (Table 2) revealed a novel nucleotide 
substitution located 158 bp upstream of the start codon and located within a BsrfI 
restriction enzyme recognition site.  Conditions of the FABP3-BsrfI RFLP test including 
the primer set, annealing temperature, and resulting RFLP fragments are detailed in Table 
2.  
 
 
  
111
Statistical Analysis 
Differences between genotypes for phenotypic measures of meat quality, carcass 
composition, and growth traits were assessed with the use of the PROC MIXED 
procedure in SAS (SAS Inst., Cary, NC).  Analyses were performed separately for each 
line and locus.  Least squares means and corresponding standard errors were computed 
with the use of the following mixed model: 
 yijlmnp = Si + CGj + Gk + b1WTm + SRn + DM(SR)pn + εijkmnp 
 
 where 
 
yijklmnp = trait measured on the mth pig of the ith sex and in the jth contemporary 
group with the kth genotype 
 Si = fixed effect of the ith sex 
 CGj = fixed effect of the jth contemporary group 
 Gk = fixed effect of the kth genotype 
 WTm = linear effect of the appropriate carcass or off-test weight of the mth pig 
SRn = effect of the nth sire, assumed random with SRn  ~N(0, σSR2) 
DM(SR)pn = effect of the pth dam nested within the nth sire, assumed random with 
DM(SR)pn ~N(0, σDM2) 
 εijkmnp = residual with εijkmnp ~N(0, σε2) 
The above model is the result of a stepwise process of fitting all 2-way 
interactions between fixed effects along with second and third order polynomial effects of 
the covariate WT and subsequently removing non-significant (P > 0.05) individual 
effects sequentially.  Breeding values generated from the aforementioned 2-trait animal 
model were analyzed with the use of a generalized linear model that included a single 
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effect of genotype class, as all other fixed and random sources of variation were 
previously accounted for in the mixed model equations utilized in the estimation 
procedure in MATVEC.  The chi-squared test was used to compare the observed allele 
and genotype frequencies with the Hardy-Weinberg equilibrium values. 
RESULTS AND DISCUSSION 
Genotype and allele frequencies 
Frequencies of genotypes and alleles for each marker evaluated are presented in 
Table 3.  The distribution of allele and genotype frequencies for each of the genes 
evaluated in the current study did not deviate significantly (P > 0.05) within line from 
Hardy-Weinberg equilibrium.  These results suggest that allele frequencies have not been 
significantly affected by factors such as genetic drift or selection.  Due to a noticeable 
difference in allele frequencies between the control and select lines for MC4R and 
FABP3, sires and dams of generation 1 were genotyped and allele frequencies were not 
different from those observed in generation 5 progeny (data not shown).  Thus, it appears 
that when lines were derived by randomly allocating littermate pairs of females to each 
line, allele frequencies for MC4R and FABP3-BsrfI were established and have not 
significantly changed over 5 generations of selection.  In the case of all other loci 
investigated, allele frequencies were not different between lines.   
MC4R gene effects 
Functional analysis of the melanocortin-4 receptor gene (MC4R) mutation 
revealed decreased cAMP content and MC4R signaling in 293 cells and no difference in 
ligand binding (Kim et al., 2004a).  The MC4R gene has been shown to be associated 
with growth and backfat in several commercial pig lines.  Animals homozygous for allele 
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A had significantly less backfat as well as decreased feed intake and corresponding daily 
gain when compared to pigs homozygous for allele G (Kim et al., 2000).  Since growth 
and fatness are complex polygenic traits, the genetic relationship of IMF content with 
backfat and growth (Berger et al., 1994; NPPC, 1995) suggests the evaluation of MC4R 
as a possible candidate gene for IMF.  In Table 4, least squares means of the investigated 
traits are presented for all 3 genotypes of the MC4R gene.   
In the current study, MC4R genotype was not a significant (P > 0.21) source of 
phenotypic variation in days to 114 kg.  The 22 genotype (homozygous for the A allele) 
tended to coincide with less ultrasonic backfat within both lines; however, the effect of 
genotype was only statistically significant in the control line.  This effect was not 
significant in the small sample of pigs harvested.  Genotype class had a significant effect 
(P < 0.01) on phenotypic variation of intramuscular fat evaluated ultrasonically (UIMF), 
but was not statistically significant for IMF or IMF EBV.  Genotype effects in the control 
line were in agreement with published phenotypic and genetic correlations (NPPC, 1995), 
as the 11 genotype tended to be associated with faster growth, more backfat, and higher 
predicted phenotypic and genetic values for intramuscular fat.  The significant effect of 
the MC4R gene on ultrasonic measures of backfat detected in this study are similar to 
reports from previous investigations (Kim et al., 2000; Jokubka et al., 2006) involving 
different breeds. Within the select line, the effect of MC4R genotype was not a 
significant (P > 0.19) source of phenotypic or genetic variation for all measures evaluated 
in the current study.  Though the genotype classes are not statistically different, their 
ranking for some measures are considerably different than what is observed in the control 
line.  Due to the complexity and polygenic nature of traits such as growth and 
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composition, one possibility for the discrepancy of results between lines may be due to 
background gene effects. Excluding the possibility of genetic drift and sampling, it is also 
possible that allelic interactions have been established through selection for intramuscular 
fat in the select line.   
FABP3 gene effects 
As described by Gerbens et al. (1997, 1999 and 2000), genetic variants in the fatty 
acid-binding protein (FABP3) gene have been previously shown to be associated with 
phenotypic variation in IMF content.  This association has been detected in both Duroc 
and Meishan-cross pigs and is consistent with the described function of fatty acid uptake 
and utilization (Binas et al., 1999), as well adipose tissue expression (Li et al., 2007).   
In table 5, is included the least squares means for phenotypic and genetic 
measures of IMF by genotype class for two different polymorphic sites (FABP3-HinfI 
and FABP3-BrsfI) evaluated in both lines of Duroc pigs under study.  Within both lines, 
the HinfI site (FABP3-HinfI) was significantly associated (P ≤ 0.001) with IMF EBV, 
where heterozygote individuals had higher values of additive genetic merit when 
compared to animals homozygous for allele 2.  In the current study, however, the HinfI 
genetic variant was not adequately informative in either line.  There were no animals 
genotyped homozygous for allele 1, and only 1 heterozygote individual was harvested in 
each line.  As a result, mean IMF percentages for heterozygote genotypes were estimated 
with a relatively small number of observations (Table 2) and thus, corresponding LS 
means are associated with considerably larger standard errors when compared to previous 
investigations.   
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Gerbens et al. (2000) detected a significant association between variation at the 
HinfI locus and phenotypic variation of intramuscular fat in Duroc pigs, similar to the 
findings of IMF EBV in this study.  Other reports (Nechtelberger et al., 2001) found no 
significant associations of FABP3 and IMF in Austrian Large White and Landrace pigs.     
The BsrfI site was more informative than the HinfI site within the population 
under study, as there were a greater number of animals of each genotype to estimate 
genotype effects.  The FABP3-BsrfI genotype was significantly associated with IMF 
additive genetic variation in the control line.  Similar to findings for genotype effects for 
IMF EBV, control line pigs homozygous for allele 2 also tended to be associated with 
elevated levels of IMF measured post-mortem.  Within select line pigs, inclusion of the 
FABP3-BrsfI genetic variation did not provide a significantly (P > 0.05) better 
explanation of biological variation in the three measures of IMF evaluated in this study.  
Across lines and loci, a significant association between genotype and UIMF was not 
detected.  This phenotypic value is determined as an ultrasonic prediction that is 
associated with greater measurement error.  If it is assumed that each genetic variant has 
a minor effect on intramuscular fat level, this measurement procedure may not allow for 
sufficient detection of genotype differences with the number of observations used in this 
study.  It is possible that the differences in genotype effects among IMF measures and 
lines found in this study, as well as previous investigations, may be due to variations in 
background gene effects (epistasis).  The significant response to 5 generation of selection 
(Table 1) indicates that both lines likely differ considerably in the genetic background 
they contain for genes that have an effect on intramuscular fat.  Interferences of other 
genes that reside on chromosome 6 that have been implicated to be involved in fat 
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deposition such as the leptin receptor gene (Ernst et al., 1997), may also explain the 
inconsistency of genetic marker associations between lines in the current study.  Due to 
the physiological properties of the FABP3 gene and inconsistent effects reported among 
different investigations, further study of gene function and association across various 
genetic backgrounds is likely warranted.   
TCF7L2 gene effects 
Transcription Factor 7 Like 2 gene (TCF7L2) is one of many genetic markers 
reported to be associated with type 2 diabetes in humans (Grant et al., 2006; Scott et al., 
2007; Sladek et al., 2007).  Functional studies indicate that the TCF7L2 risk allele may 
create a predisposition to type 2 diabetes by impairing beta-cell proinsulin processing 
(Loos et al., 2007).  The TCF7L2 gene is located on Homo sapiens chromosome 10, and 
corresponds to a homologous region on Sus scrofa chromosome 14 (Nonneman and 
Rohrer, 2004).  The TCF7L2 gene was linkage mapped between microsatellite markers 
SW77 and SW55 in the Iowa State University Berkshire-Yorkshire resource population 
(Malek et al., 2001). 
The TCF7L2 genetic variant detected in this study was not a significant source of 
biological variation in various measures of subcutaneous and intramuscular fat within the 
control and select lines (Table 6).  In this population, only two genotypes for a single 
mutation were found to evaluate TCF7L2 as a biological candidate gene for IMF 
deposition in Duroc swine.  Due to significant associations of the TCF7L2 locus with 
obesity-related traits in human studies, further investigation of more informative genetic 
variants at the porcine locus is warranted.   
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DLK1 gene effects 
Functionally, the Delta-like homolog 1 gene (DLK1) has been shown to inhibit 
adipocyte differentiation, while significant decreases in mRNA levels have been detected 
through tissue maturity (Li et al., 2007).  Previous studies of the porcine DLK1 locus 
(Kim et al., 2004b) have proposed a polar overdominant mode of inheritance, consistent 
with findings in other species (Charlier et al., 2001; Schmidt et al., 2000).   
All animals in generation 5 were genotyped for DLK1; however, select line 
animals were non-informative and omitted from further association analysis.  Within the 
control line, only litters where at least one parent was heterozygous for DLK1 were 
included in subsequent association analysis in order to evaluate the polar overdominant 
mode of inheritance. 
Least squares means of IMF and UIMF for each genotype class based on parental 
allele origin are presented in Table 7.  No significant differences between genotype 
classes were detected for phenotypic measures of intramuscular fat content.  
Additionally, heterozygote individuals (12 or 21) were not significantly different (P > 
0.05) for either intramuscular fat measurement depending on paternal or maternal 
inheritance of each DLK1 allele.  These findings differ from investigations involving 
genetically correlated measures.  In a population of Yorkshire and Berkshire pigs, 
phenotypic associations based on parental origin of DLK1 alleles showed that 
heterozygote pigs that inherited a paternal allele 2 and a maternal allele 1 achieved 
significantly higher lean growth rates than heterozygote individuals with opposite 
parental inheritance of each allele (Kim et al., 2004b).  Contrasting results may be 
explained by the small number of observations available to estimate effects of the DLK1 
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locus in the current population.  The relationship found in previous studies is in the 
opposite direction of the phenotypic correlation reported between the traits, and supports 
the possibility that genetic variants of DLK1 may have an independent effect on BW and 
backfat deposition separate from that of intramuscular fat.   
In, conclusion, the MC4R and FABP3 genes or closely linked genes on 
chromosomes 1 and 6, respectively, affect various phenotypic and genetic measures of 
intramuscular fat.  Variations in gene effects between lines found in this study further 
indicate that possible epistatic effects within different background genomes exist among 
different swine populations.  Existence of the MC4R and FABP3 mutations may be 
useful markers in MAS schemes aimed at IMF improvement, provided that gene effects 
are segregating and the presence of an association is detected within the population.   
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Table 1. Least squares means for production traits from generation 5 of a selection 
project involving intramuscular fat in Duroc swine 
Itema Control lineb Select linec Pr > F 
IMF EBV, % -0.25 ± 0.03 1.70 ± 0.03 < 0.0001 
IMF, % 3.02 ± 0.21 5.18 ± 0.21 < 0.0001 
UIMF, % 3.28 ± 0.10 4.38 ± 0.10 < 0.0001 
BF, mm 17.81 ± 1.07 21.97 ± 1.01    0.0097 
UBF, mm 16.15 ± 0.68 20.11 ± 0.69    0.0010 
Days to 114 kg 186.04 ± 0.60 187.05 ± 0.60    0.2379 
aUBF = ultrasonically measured 10th rib backfat; BF10 = 10th rib backfat measured on the carcass; UIMF = 
ultrasonically measured intramuscular fat; IMF = intramuscular fat measured from a loin sample; IMF EBV 
= estimated breeding value for intramuscular fat. 
bControl line = randomly mated, unselected population. 
cSelect line = result of 5 generations of selection for increased intramuscular fat based on a 2-trait animal 
model that included IMF measured on the carcass and predicted via ultrasound. 
Table 2. Description of the genes and marker polymorphisms investigated 
Gene/marker 
symbol Gene name 
Chromosome/ 
polymorphism 
location Primer set 
Restriction 
enzyme Tanna
PCR-
RFLP 
fragments 
(bp)b 
DNA test 
description 
MC4R Melanocortin-4 
receptor 
SSC1 
Asp298Asn 
F: 5’-TAC CCT GAC CAT 
CTT GAT TG-3’ 
R: 5’-ATA GCA ACA 
GAT GAT CTC TTT G-3’ 
TaqI 61 Allele 1: 
226 
Allele 2: 
156/70 
Kim et al., 
2000 
FABP3 Heart fatty acid 
binding protein 
SSC6 
5’ UTR (-309) 
F: 5’-CAG CCC AAG 
AGT GAG TTT CC-3’ 
R: 5’-GAA ATA GGA 
AGC CCC ATG-3’ 
HinfI 57 Allele 1: 
232 
Allele 2: 
173/59 
Gerbens et 
al., 1997 
FABP3 Heart fatty acid 
binding protein 
SSC6 
5’ UTR (G/T; -158) 
F: 5’-CAG CCC AAG 
AGT GAG TTT CC-3’ 
R: 5’-GAA ATA GGA 
AGC CCC ATG-3’ 
BsrfI 57 Allele 1: 
436/263 
Allele 2: 
339/243 
 
TCF7L2 Transcription 
factor 7 like 2 
SSC14 
Intron 8 (A/G) 
F: 5’-AGA AAG GAA 
AGG GTG CAG GT-3’ 
R: 5’-GCG ATA ACT 
TGT CAG CAC GA-3’ 
BsrI 60 Allele 1: 
314 
Allele 2: 
192/122 
 
DLK1 Delta-like 
homolog 1 
SSC7 
Lys215Glu 
F: 5’-TCA TGA CCA 
ACA GCT GCA TC-3’ 
R: 5’-GTA GCG GAG 
GTT GGA CAC C-3’ 
BaeI 60 Allele 1: 
170 
Allele 2: 
140/30 
Kim et al., 
2003 
aTann = Annealing temperature (ºC). 
bSize of RFLP fragments produced from allele 1 and allele 2, heterozygote produces fragment lengths listed for both alleles 1 and 2. 
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Table 3. Frequency of genotypes as number of observations and allele frequency as a percentage of the total  
number of alleles for different markers used in an association analysis within two different lines of purebred  
Duroc pigs 
Marker Genotype frequencya  Allele frequency (%) HWEb 
 11 12 22  1 2 Pc 
MC4R - control lined 145 154   32  67.1 32.9 ns 
MC4R - select linee   24 210   99  38.7 61.3 ns 
FABP3-HinfI - control lined    0   11 335  1.6 98.4 ns 
FABP3-HinfI - select linee    0    5 337  0.7 99.3 ns 
FABP3-BsrfI - control lined 127 158   23  66.9 33.1 ns 
FABP3-BsrfI - select linee   88 150   72  52.6 47.4 ns 
TCF7L2 - control lined    0   64 246  10.3 89.7 ns 
TCF7L2 - select linee    0   72 234  11.8 88.2 ns 
aGenotypes are defined as follows: 
 MC4R – allele 1 is allele G or amino acid Asn, allele 2 is allele A or amino acid Asp. 
 FABP3-HinfI – allele 1 is allele h, allele 2 is allele H. 
 FABP3-BsrfI – allele 1 is allele G, allele 2 is allele T. 
 TCF7L2 – allele 1 is allele A, allele 2 is allele G.  
bHWE = Hardy-Weinberg equilibrium. 
cSignificant P-values indicate a discrepancy from HWE; ns = not significant. 
dControl line = randomly mated, unselected population. 
eSelect line = result of 5 generations of selection for increased intramuscular fat based on a 2-trait animal model that included IMF  
measured on the carcass and predicted via ultrasound. 
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Table 4. Effect of MC4R genotype on several production traits in two different  
lines of purebred Duroc pigs 
Itema Control lineb Select linec 
Days to 114 kg       
11 (145/24) 185.80 ± 0.75 186.00 ± 0.97 
12 (154/210) 186.44 ± 0.73 187.38 ± 0.59 
22 (32/99) 186.34 ± 1.00 186.92 ± 0.67 
 P < 0.46 P < 0.21 
UBF, mm       
11 (145/24) 17.39 ± 1.01 19.15 ± 0.95 
12 (154/210) 16.34 ± 0.99 19.67 ± 0.64 
22 (32/99) 15.95 ± 1.11 19.89 ± 0.70 
 P < 0.02 P < 0.71 
BF10, mm       
11 (36/4) 19.12 ± 1.47 19.67 ± 2.72 
12 (33/39) 18.85 ± 1.36 20.32 ± 0.98 
22 (12/23) 17.50 ± 1.84 21.29 ± 1.17 
 P < 0.58 P < 0.73 
UIMF, %       
11 (145/24) 3.51 ± 0.14 4.17 ± 0.18 
12 (154/210) 3.28 ± 0.13 4.41 ± 0.10 
22 (32/99) 3.12 ± 0.17 4.45 ± 0.12 
 P < 0.01 P < 0.33 
IMF, %       
11 (36/4) 3.22 ± 0.28 4.31 ± 0.83 
12 (33/39) 3.30 ± 0.25 4.70 ± 0.30 
22 (12/23) 3.35 ± 0.35 5.42 ± 0.35 
 P < 0.92 P < 0.19 
IMF EBV, %       
11 (145/24) -0.23 ± 0.04 1.55 ± 0.10 
12 (154/210) -0.30 ± 0.04 1.62 ± 0.03 
22 (32/99) -0.29 ± 0.08 1.64 ± 0.05 
 P < 0.41 P < 0.72 
aUBF = ultrasonically measured 10th rib backfat; BF10 = 10th rib backfat measured on the carcass; UIMF = 
ultrasonically measured intramuscular fat; IMF = intramuscular fat measured from a loin sample; IMF EBV 
= estimated breeding value for intramuscular fat; number of observations for each genotype class are in 
parentheses (control line/select line). 
bControl line = randomly mated, unselected population. 
cSelect line = result of 5 generations of selection for increased intramuscular fat based on a 2-trait animal 
model that included IMF measured on the carcass and predicted via ultrasound. 
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Table 5. Effect of two different RFLP genotypes within the FABP3 gene on  
several production traits in two different lines of purebred Duroc pigs 
Itema Control lineb Select linec 
FABP3-HinfI 
UIMF, %       
12 (11/5) 3.42 ± 0.24 4.63 ± 0.37 
22 (335/337) 3.33 ± 0.12 4.36 ± 0.09 
 P < 0.65 P < 0.46 
IMF EBV, %       
12 (11/5) 0.20 ± 0.14 2.20 ± 0.21 
22 (335/337) -0.27 ± 0.03 1.61 ± 0.03 
 P < 0.01 P < 0.01 
   
FABP3-BsrfI 
UIMF, %       
11 (127/88) 3.24 ± 0.13 4.34 ± 0.12 
12 (158/150) 3.38 ± 0.13 4.37 ± 0.10 
22 (23/72) 3.26 ± 0.18 4.50 ± 0.13 
 P < 0.17 P < 0.48 
IMF, %       
11 (36/18) 2.99 ± 0.28 5.00 ± 0.42 
12 (48/25) 3.26 ± 0.28 4.77 ± 0.35 
22 (6/19) 4.03 ± 0.47 5.13 ± 0.42 
 P < 0.09 P < 0.77 
IMF EBV, %       
11 (127/88) -0.30 ± 0.04 1.62 ± 0.05 
12 (158/150) -0.31 ± 0.03 1.61 ± 0.04 
22 (23/72) 0.17 ± 0.09 1.61 ± 0.05 
 P < 0.01 P < 0.99 
aUIMF = ultrasonically measured intramuscular fat; IMF = intramuscular fat measured from a loin sample; 
IMF EBV = estimated breeding value for intramuscular fat; number of observations for each genotype class 
are in parentheses (control line/select line). 
bControl line = randomly mated, unselected population. 
cSelect line = result of 5 generations of selection for increased intramuscular fat based on a 2-trait animal 
model that included IMF measured on the carcass and predicted via ultrasound. 
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Table 6. Effect of TCF7L2 genotype on several production traits in two  
different lines of purebred Duroc pigs 
Itema Control lineb Select linec 
UBF, mm       
12 (64/72) 17.00 ± 0.90 19.56 ± 0.75 
22 (246/234) 16.43 ± 0.82 19.73 ± 0.62 
 P < 0.27 P < 0.77 
BF10, mm       
12 (14/15) 19.03 ± 1.90 19.14 ± 1.50 
22 (51/40) 19.72 ± 1.62 21.55 ± 1.00 
 P < 0.75 P < 0.17 
UIMF, %       
12 (64/72) 3.41 ± 0.14 4.33 ± 0.13 
22 (246/234) 3.31 ± 0.12 4.39 ± 0.10 
 P < 0.31 P < 0.61 
IMF, %       
12 (14/15) 3.79 ± 0.38 4.89 ± 0.49 
22 (51/40) 3.61 ± 0.33 5.11 ± 0.31 
 P < 0.65 P < 0.70 
IMF EBV, %       
12 (64/72) -0.36 ± 0.06 1.61 ± 0.05 
22 (246/234) -0.24 ± 0.03 1.64 ± 0.03 
 P < 0.06 P < 0.59 
aUBF = ultrasonically measured 10th rib backfat; BF10 = 10th rib backfat measured on the carcass; UIMF = 
ultrasonically measured intramuscular fat; IMF = intramuscular fat measured from a loin sample; IMF EBV 
= estimated breeding value for intramuscular fat; number of observations for each genotype class are in 
parentheses (control line/select line). 
bControl line = randomly mated, unselected population. 
cSelect line = result of 5 generations of selection for increased intramuscular fat based on a 2-trait animal 
model that included IMF measured on the carcass and predicted via ultrasound. 
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Table 7. Effect of DLK1 genotype on measures of intramuscular fat in an unselected 
control line of purebred Duroc pigsa 
Itemb LS mean ± SE 
UIMF, %    
12 (9) 3.04 ± 0.31 
21 (54) 3.20 ± 0.17 
22 (71) 3.26 ± 0.16 
 P < 0.77 
IMF, %    
12 (2) 1.94 ± 1.17 
21 (17) 2.91 ± 1.01 
22 (18) 2.97 ± 0.48 
 P < 0.61 
aDLK1 – allele 1 is allele G or amino acid Glu, allele 2 is allele T or amino acid Lys. 
bUIMF = ultrasonically measured intramuscular fat; IMF = intramuscular fat measured from a loin sample; 
12 = heterozygote that received a paternal allele1 and maternal allele 2; 21 = heterozygote that received 
paternal allele 2 and maternal allele 1; 22 = homozygous, received paternal and maternal allele 2; number 
of observations for each genotype class are listed in parentheses. 
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ABSTRACT: In response to consumer demand, the pork industry selection for efficient 
production of lean product is likely to continue.  However, the potential ramifications of 
intense selection have lead to a more balanced approach of breeding programs which 
incorporate indicators of meat quality.  A selection project for increased intramuscular fat 
percentage (IMF) was initiated in 1998.  Selection for 6 generations was based on EBV 
for carcass IMF. In the select line (SL), the 10 boars and 75 gilts with the highest EBV 
were selected.  An unselected control line (CL) was maintained through random selection 
within sire family, where matings were designed to minimize inbreeding.  The objectives 
of this study were to investigate changes in tissue deposition patterns in direct and 
correlated measures.  Serial BW and ultrasound measures of backfat (BF), loin muscle 
(LMA), and IMF were evaluated with the use of a mixed repeated records model in SAS 
that included fixed effects of line, sex, and contemporary group, along with random 
effects of sire within line and dam nested within line and sire.  Analysis of serial 
measurements of BW revealed no significant difference between lines in daily BW gain 
when averaged over the entire test period.  A linear trend of cumulative LMA accretion 
was detected, similar for both lines, with the CL having greater LMA measurements (P < 
0.05) through the course of the performance test when compared to the SL. Line effects 
for BF measures were significant (P < 0.05) throughout the course of the progeny test, 
and a greater separation in line means occurred as BW increased.  This result is due to a 
significantly higher average daily BF deposition rate detected for the SL.  A significant 
line effect for ultrasonic IMF measurements at all points throughout the performance test 
(P < 0.05) was observed, and is underlined by a higher daily deposition rate found in the 
SL.  Ultrasonic predictions indicate that IMF levels in the CL at market weight are 
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essentially established by 70 kg of BW, and underlying deposition rates found for the CL 
were near zero.  Results indicate that 6 generations of selection for increased IMF has 
been effective, specifically as measured ultrasonically at off-test.  However, this direct 
phenotypic response has been established through a significant increase in daily 
deposition rate.  Results demonstrate that genetic selection for increased intramuscular fat 
percentage has altered the relative rates of daily accretion of BF, LMA, and IMF.  
Additionally, a faster rate of BF deposition was observed through the finishing phase of 
production. 
INTRODUCTION 
 
 In most swine production systems, income generated from market hogs is defined 
by a function of weight and composition.  The latter of which is characterized by various 
components depending on the market system, but has typically been driven by carcass 
leanness.  As a result, selection schemes have, and will likely continue, to place a 
significant amount of emphasis on the efficient production of lean product.  The well-
documented ramifications of intense selection may demonstrate a need for a more 
balanced approach to genetic improvement programs that include components of muscle 
quality.  Due to its implicated role in consumer acceptance (DeVol et al., 1988; Van 
Oeckel et al., 1999), intramuscular fat (IMF) percentage has received greater attention in 
breeding programs and sire line development.  Advancements in methods of ultrasonic 
prediction to augment traditional progeny testing techniques for genetic improvement 
may allow greater progress to be made in IMF (Newcom et al., 2002).  However, the 
development of optimal selection schemes requires knowledge of correlated changes in 
various other measures throughout the finishing phase of production.  Additional 
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understanding of the development of phenotypic differences at market weight may allow 
producers to more adequately manage different genotypes.  Continued emphasis on 
carcass leanness coupled with advancements in ultrasound technology also underlines the 
need for accurate adjustment factors to standardize carcass composition and 
intramuscular fat information used in selection decisions.  The objective of the current 
investigation was to assess changes in deposition patterns of IMF, backfat, and loin 
muscle area that have resulted through 6 generations of selection.   
MATERIAL AND METHODS 
Derivation of Lines  
Experimental protocols for this study were approved by the Iowa State University 
Institutional Animal Care and Use Committee.  A selection project was initiated in 1998 
through the purchase of 40 registered Duroc gilts from 10 midwest Duroc breeders.  
Using semen from Duroc boars available in regional U.S. boar studs, 2 generations of 
random mating were conducted to expand the population and produce the base generation 
of 56 litters.  At weaning, 2 boars in each litter (when available) were randomly selected 
to remain intact while all other males were castrated.  Littermate pairs of gilts from the 
base generation were randomly designated to either the control (CL) or select line (SL).  
Littermate pairs of females were then mated to the same boar (via natural mating or AI) 
to establish sufficient genetic ties between lines before selection was initiated.  A total of 
24 sires from 14 different sire families were utilized to generate 50 CL and 45 SL litters 
in generation 1.  All boars and females utilized within the base generation were DNA 
tested to ensure the absence of the recessive mutant HAL1843 allele (Fujii et al., 1991).  In 
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subsequent generations, up to 4 boars in each SL litter (when available) were randomly 
selected to remain intact to increase selection intensity. 
Performance Test and Data Collection  
Pigs were housed in a mechanically ventilated, curtain-sided finishing building 
with fully slotted floors and were provided 0.77 m2 of floor space each in pens of 20 to 
25 pigs from 34 kg until they were weighed and scanned at an average BW of 110 kg.  A 
17.5% CP, 1.15% lysine corn-soy diet was provided ad libitum from 34 to 68 kg BW, 
followed by a 16.0% CP, 0.85% lysine corn-soy diet from 68 to 91 kg BW, and a 15.0% 
CP, 0.70% lysine corn-soy diet from 91 kg to market weight.   
In generation 6, one pig of each sex (when available) from each litter was 
randomly selected to have serial measures collected throughout the performance test.  
The total number of pigs evaluated within each line and sex is presented in Table 1.  
Starting at a group mean of 42 (±9) kg BW, serial ultrasonic measures of LM area 
(LMA), off-midline backfat (BF), and intramuscular fat percentage (IMF) were collected 
every 2 wk until pigs reached a mean BW of 110 (±15) kg.  Ultrasonic images were 
collected with an Aloka 500V SSD ultrasound machine fitted with a 3.5 MHz, 12.5 cm 
linear-array transducer (Corometrics Medical Systems, Inc., Wallingford, CT) by a 
National Swine Improvement Federation certified technician (Bates and Christian, 1994).  
A sound transmitting guide conforming to the pig’s back was attached to the ultrasound 
probe and vegetable oil was used as conducting material between the probe and skin.  
Off-midline BF and LMA were measured from a cross-sectional image taken at the 10th 
rib.  A minimum of 4 longitudinal images were collected 7 cm off-midline across the 10th 
to 13th ribs.  Final image parameters were generated using texture analysis software 
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(Amin et al., 1997) and were included in a regression equation (Schwab and Baas, 2006) 
to estimate intramuscular fat percentage. 
Genetic Evaluation and Mating Procedures 
Breeding values within each generation were estimated for predicted (UIMF) and 
carcass (CIMF) intramuscular fat by fitting a 2-trait animal model in MATVEC (Wang et 
al., 2003) using the following model: y = Xb + Za + Wc + β x + e, where y = vector of 
observations; b = vector of fixed effects (contemporary group and sex), a = vector of 
random additive genetic effects, which utilizes the numerator relationship matrix among 
animals; c = vector of common litter effects, which is assumed to be uncorrelated with 
the random animal effects, β = linear regression coefficient, x = vector of appropriate off-
test or hot carcass weight, and e = vector of residuals.  The incidence matrices relating 
observations to fixed, random animal, and common litter effects are X, Z, and W, 
respectively.  Genetic and environmental (co)variances were updated each generation 
using UIMF and CIMF values from all pigs in prior generations.   
Selection was based on EBV for carcass intramuscular fat.  In the select line, the 
10 boars and 75 gilts with the highest EBV were selected.  One boar from each sire 
family and 50 to 60 gilts representing all sire families were randomly selected to maintain 
the control line.  Inbreeding coefficients of individuals and all possible matings among 
selection candidates were calculated with the use of the PROC INBREED procedure in 
SAS (SAS Inst., Cary, NC).  This information was utilized to design matings in both lines 
in an attempt to minimize increases in inbreeding.   
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Statistical Analysis 
Serial BW, BF, LMA, and IMF along with corresponding daily gain 
measurements calculated within each scan interval were evaluated with the use of a 
mixed repeated records model in SAS (SAS Inst., Cary, NC).  Fixed effects of line 
(control or select), sex (boar, gilt, or barrow), and contemporary group (based on on-test 
date) were fitted along with random effects of sire nested within line and dam nested 
within line and sire.  The interaction of line and sex was also included.  First and second 
order polynomial terms of BW were fitted by line for the evaluation of IMF and BF, 
while the inclusion of a third order polynomial term was fitted for LMA and BW gain.  
An auto-regressive covariance structure was fitted for the residuals.  The above models 
are the result of a stepwise process of fitting all 2- and 3-way interactions among fixed 
effects.  A significance level of P < 0.05 was established as a maximum level for an 
effect to remain in the model, and effects were removed from the model sequentially by 
backward elimination. 
RESULTS AND DISCUSSION 
Least squares means of deposition rates of BW, LMA, BF, and IMF averaged 
over the entire performance test period and at 4 separate stages of the finishing phase are 
presented for each line in Tables 2 and 3, respectively.  Cumulative tissue deposition 
patterns, as well as daily accretion curves are plotted by line in Figures 1 to 4 for BW, 
LMA, BF, and IMF, respectively. 
Daily Weight Gain 
Analysis of serial measurements of BW revealed no significant difference 
between lines in daily BW gain when averaged over the entire test period.  Likewise, the 
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fixed effect of line was not a significant source of variation for daily weight gain when 
evaluated at specific points within the finishing phase (Table 2).  Similar mean BW 
accretion rates were reported by Casey (2003) and Moeller et al. (1998).   As illustrated 
in Figure 1, a quadratic pattern of daily weight gain was found for the CL, where growth 
efficiency was maximized near the midpoint (approx. 100 kg BW) of the performance 
test.  Emmans and Kyriazikis (1999) illustrated a similar theoretical relationship between 
daily live weight gain and BW, and indicated that the inflection point of the potential 
curve exists slightly before pigs reach 120 kg.  Though gain measurements at various 
points in the performance test were not different between lines, the interaction of second 
and third order polynomial effects of BW were different (P < 0.05), indicating a different 
fit of the growth data between lines.  The SL has more subtle changes in growth 
efficiency throughout the performance test and reaches maximum daily gain at an earlier 
stage when compared to the CL.   
Deposition of Muscle 
A linear trend of cumulative LMA accretion was detected, similar for both lines, 
where the CL had greater LMA measurements (P < 0.05) throughout the performance test 
when compared to the SL.  Correspondingly, mean daily LMA accretion rates were 
significantly different between lines and across all three sexes (Table 3).  A sigmoid form 
for the relationship between daily LMA accretion and BW was found for both lines in the 
study.  Through 90 kg of BW, LMA deposition rates were not significantly different 
between lines.  However, starting at 105 kg BW, CL pigs deposit LMA at a significantly 
faster rate when compared to SL pigs.  Interestingly, estimates of daily LMA accretion 
rates for both lines revealed a decline in LM deposition efficiency after the onset of the 
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test until approximately 90 kg of BW.  This result may be attributed to possible lower 
accuracies of ultrasonic LMA measurements at lighter weights when compared to 
weights where measurements are typically collected.  Results of the current investigation 
indicate that rate of loin muscle area deposition has been adversely affected by 6 
generations of selection for intramuscular fat percentage.  However, selection for 
intramuscular fat has not lead to similar effects on the pattern of LMA deposition.  Mean 
deposition rates were different between sexes for the control line and indicate that a more 
accurate description of sex differences will arise when used for selection decisions if 
LMA measurements are adjusted separately by sex to a constant weight basis. 
Deposition of Subcutaneous Fat 
A curvilinear cumulative deposition pattern for ultrasonic backfat was revealed 
for both lines in the current study (Figure 3).  Line effects for BF measures were 
significant (P < 0.05) throughout the course of the progeny test, and a greater separation 
in line means was estimated as BW increased.  This result is due to a significantly higher 
average daily BF deposition rate detected for the SL (Table 3).  The line effect for daily 
BF accretion was significant for all three sexes.  Similar rates of ultrasonic backfat 
deposition were estimated with an individual regression procedure by Moeller et al. 
(1998), and support the current findings.  Patterns of daily BF deposition rate were 
similar for both lines and revealed a curvilinear increase in the rate of BF accretion as 
BW increased.  A linear relationship between BF and BW observed in this study has also 
been reported in previous investigations (Noffsinger et al., 1959; Quijandria and Robison, 
1971; Gu et al., 1992).  Emmans and Kyriazakis (1999) described a slightly different 
theoretical relationship of backfat accumulation with body weight, and indicated that 
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cumulative backfat deposition increases at a decreasing rate as animals progress toward 
mature size.  However, final serial BF measurements in the current study were collected 
before mature size is established and thus do not represent the decline in deposition rate 
illustrated in the potential curve described by Emmans and Kyriazakis (1999).  Control 
line mean deposition rates may be used by producers as within-sex adjustments of 
phenotypic differences in backfat to constant weight basis.   
Deposition of Intramuscular Fat 
Within the current study, similar cumulative patterns of deposition to those for BF 
were found for IMF deposition.  The significant line difference at off-test is expected, as 
these two traits have been well documented to share a moderate to strong genetic 
relationship (Berger et al., 1998; NPPC, 1995).  The significant line effect for cumulative 
ultrasonic IMF at all points throughout the course of the performance test (P < 0.05) is 
underlined by a higher daily deposition rate found in the SL (Table 2).  No difference 
between lines in IMF deposition rate was found for boars, and may be explained by 
greater sexual activity associated with boars later in the test period.  Increased sexual 
activity in SL boars at an earlier age may limit their ability to deposit IMF at a rate 
comparable to that of the other 2 sexes.  Due to the lower IMF deposition rate inherent 
within the CL, this difference was not found among sexes in CL pigs.  The greatest IMF 
deposition rate in the SL was detected at the onset of the performance test, and this rate 
slightly decreased with increased BW (Table 3).  On the other hand, ultrasonic 
predictions indicate that IMF levels in the CL at market weight are essentially established 
by 70 kg of BW.  Thus, underlying deposition rates found for the CL were near zero.  
Specifically, at 90 kg of BW, where IMF deposition rate appears to reach a point of 
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inflection in the CL (Figure 4), the estimated daily IMF accretion rate is not significantly 
different from zero (P < 0.06).  Phenotypic adjustment factors for ultrasound predictions 
of intramuscular fat to a weight constant basis have not been reported previously.  Mean 
deposition rates for the CL in the current study provide a reasonably accurate 
representation of the U.S. Duroc population and indicate that a weight adjustment of 
phenotypic data is not needed within the weight range evaluated in this study.  Results 
here indicate that 6 generations of selection for increased IMF has been effective, 
especially when evaluated ultrasonically at off-test.  However, this direct phenotypic 
response has been established primarily through a significant increase in daily deposition 
rate.  Anderson and Kaufmann (1973) illustrated that early adipose tissue growth is 
primarily associated with increased cell number (hyperplasia), while later growth is 
generally described by increased adipose cell volume (hypertrophy).  It may be possible 
that genetic selection for increased intramuscular fat percentage at off-test may alter 
either or both mechanisms of adipose tissue growth, resulting in greater levels of lipid 
accumulation in early stages of production.  IMF deposition rate estimates are extremely 
limited in pigs due to only recent developments in ultrasonic methods to evaluate 
intramuscular fat in the live animal.  Longitudinal studies involving accurate assessment 
of the deposition patterns of intramuscular lipid content are limited to experiments in beef 
cattle.  Such studies (Bruns et al., 2004), have reported linear relationships between hot 
carcass weight and marbling score, and support cumulative patterns of deposition found 
in the SL of the current investigation.  However, notable differences in deposition 
patterns between cattle and pigs are possible due to many factors associated with 
nutrition, management, and physiology.  Rouse et al. (2003) reported a linear relationship 
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in cattle between ultrasonically predicted IMF and age.  In the current study, however, a 
better fit of the IMF data was found when compared to BW than to age (data not shown).  
This result is expected in studies involving pigs, as lower variation in age is found at a 
specific weight when compared to beef cattle.   
Relative Patterns of Tissue Deposition 
 In order to gain an understanding of the relative difference in different tissue 
accretion rates through the course of the test, deposition rates for each trait were 
standardized to a similar scale for comparison.  Standardized deposition rates were 
calculated by subtracting the population mean deposition rate from the line mean and 
dividing by the phenotypic standard deviation.  The result is a deposition rate for each 
trait scaled to a mean of zero and a standard deviation equal to 1.  Mean standardized 
values are plotted against BW in Figures 5 and 6 for the CL and SL, respectively. 
 Relative differences among the observed patterns and rates of BW, LMA, BF and 
IMF deposition were notable between the control (CL) and select (SL) lines.  Within the 
CL, the rate of accretion of BW, LMA, and IMF are similar at the beginning of the 
performance test period.  However, at the midpoint of the progeny test, where daily BW 
gain reached a maximum level, a relatively small difference in accretion rates of BF and 
IMF was observed for CL pigs.  Pigs were weighted off-tested at a mean of 110 kg BW; 
and at this point, notable differences in deposition rates within the CL were observed 
when compared to deposition rates at 70 kg of BW.  Generally, intramuscular lipid is 
deposited at a faster rate than subcutaneous fat early in the test period among CL pigs, 
after which a noticeable increase in BF deposition rate occurs until the conclusion of the 
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test period.  This increase in BF accretion rate is accompanied by accelerated LMA 
deposition rate until 120 kg of BW.   
 A larger range in tissue accretion rates was observed at the beginning of the test 
within the SL.  At 70 kg of BW, IMF was deposited at the fastest rate and maintained a 
faster rate of accretion when compared to BW deposition through the course of the test.  
Also, IMF is deposited faster than LMA through a majority of the test period (to approx. 
100 kg.).  Similarly, LMA accretion is slowest until SL pigs are heavier than 100 kg, 
while BF is deposited at the fastest rate from mid-test to 125 kg BW.  Results illustrated 
here imply that genetic selection for increased intramuscular fat percentage has altered 
the relative rates of daily accretion of BF, LMA, and IMF.  Specifically, deposition rate 
of BF has increased through the finishing phase of production as a result of genetic 
selection for intramuscular fat percentage.  Tissue accretion rate and pattern differences 
between lines may be explained by underlying variations in nutrient allocation as a result 
of changes in energy and protein requirements of differing genotypes.  Differential gene 
expression at different time points for major genes that have an effect on tissues under 
study may also explain variations in patterns of deposition found between lines.  These 
possible underlying biological mechanisms warrant further investigation.  
IMPLICATIONS 
This investigation has provided insight to changes in relative growth of muscle 
and different adipose tissues that may result from genetic selection for increased 
intramuscular lipid content.  Results indicate that lines that differ in their genetic level for 
IMF may require different management and nutritional programs for optimum production 
efficiency.  Investigations into the specific biological mechanisms that more precisely 
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describe relative changes in tissue growth patterns are warranted.  Deposition rates of 
backfat and loin muscle area for the control line in the current study provide useful 
factors for adjustment of performance measures separately by sex to a constant live 
weight.  However, daily intramuscular fat deposition rates for the CL indicate that no 
adjustment is needed within the weight range investigated in this study.   
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Table 1. Distribution of records from a study comparing tissue deposition rates of 2 lines 
of purebred Duroc pigs 
Category Control line Select line Total 
Boars   39   57    96 
Gilts   46   65  111 
Barrows   59   37    96 
Total 144 159   303 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Table 2. Least squares means (±SE) for deposition rates of body weight, loin muscle area, backfat, and intramuscular fat 
percentage at 4 stages throughout the finishing phase for 2 lines of purebred Duroc pigs 
 Finishing stage 
Itema 75 kg 90 kg 105 kg 120 kg 
Daily BW accretion, kg/d     
     Control line 0.743 ± 0.019 0.802 ± 0.019 0.812 ± 0.022 0.787 ± 0.042 
     Select line 0.760 ± 0.019 0.788 ± 0.018 0.780 ± 0.020 0.744 ± 0.029 
     Pr > F 0.430 0.526 0.227 0.793 
Daily LMA accretion, cm2/d     
     Control line 0.212 ± 0.032 0.258 ± 0.024 0.429 ± 0.029 0.546 ± 0.051 
     Select line 0.195 ± 0.032 0.216 ± 0.024 0.326 ± 0.023 0.449 ± 0.038 
     Pr > F 0.683 0.163 0.002 0.105 
Daily BF accretion, mm/d     
     Control line 0.078 ± 0.017 0.099 ± 0.012 0.131 ± 0.013 0.175 ± 0.026 
     Select line 0.141 ± 0.016 0.156 ± 0.011 0.190 ± 0.012 0.241 ± 0.016 
    Pr > F 0.003 0.001 0.001 0.027 
Daily IMF accretion, %/d     
     Control line 0.002 ± 0.006 0.008 ± 0.004 0.007 ± 0.005 0.001 ± 0.010 
     Select line 0.029 ± 0.006 0.025 ± 0.004 0.022 ± 0.004 0.021 ± 0.006 
     Pr > F 0.001 0.001 0.001 0.063 
aBW = body weight; LMA = loin muscle area; BF = 10th rib backfat; IMF = percentage intramuscular fat. 
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Table 3. Least squares means (±SE) for deposition rates of body weight (BW), 10th rib backfat (BF), LM area (LMA), and percent 
intramuscular fat (IMF) averaged over the entire test period for 2 lines of purebred Duroc pigsa 
Itemb SL CL Pr > F 
BW, kg/d 0.735 ± 0.016 0.731 ± 0.017    0.843 
     Boar 0.756 ± 0.020 0.740 ± 0.023    0.522 
     Gilt 0.730 ± 0.019 0.700 ± 0.020    0.212 
     Barrow 0.718 ± 0.024 0.754 ± 0.021    0.190 
LMA, cm2/d 0.262 ± 0.019 0.317 ± 0.019    0.010 
     Boar 0.272 ± 0.025 0.330 ± 0.025    0.059 
     Gilt 0.286 ± 0.023 0.376 ± 0.031    0.010 
     Barrow 0.228 ± 0.029 0.247 ± 0.030    0.168 
BF, mm/d 0.170 ± 0.010 0.110 ± 0.010 < 0.001 
     Boar 0.142 ± 0.013 0.093 ± 0.016    0.010 
     Gilt 0.141 ± 0.013 0.091 ± 0.013    0.004 
     Barrow 0.226 ± 0.015 0.146 ± 0.016 < 0.001 
IMF, %/d 0.025 ± 0.004 0.005 ± 0.004 < 0.001 
     Boar 0.016 ± 0.005 0.008 ± 0.006    0.314 
     Gilt 0.027 ± 0.004 0.004 ± 0.004 < 0.001 
     Barrow 0.035 ± 0.005 0.003 ± 0.005 < 0.001 
aSL = select line, result of 6 generations of selection for increased intramuscular fat based on a 2-trait animal  
model that included IMF measured on the carcass and predicted via ultrasound; CL = randomly mated, unselected control line. 
bBW = body weight; LMA = loin muscle area; BF = 10th rib backfat; IMF = percentage intramuscular fat. 
148 
 0.68
0.70
0.72
0.74
0.76
0.78
0.80
0.82
70 75 80 85 90 95 100 105 110 115 120 125
BW, kg
D
a
i
l
y
 
B
W
 
g
a
i
n
,
 
k
g
/
d
Control line Select line
 
Figure 1. Daily BW gain throughout the performance testing period for 2 lines of Duroc pigs. 
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Figure 2. Cumulative and daily LM area (LMA) accretion estimated from serial ultrasonic measures throughout the performance 
testing period for 2 lines of Duroc pigs. 
 
 
 
150 
 0
5
10
15
20
25
70 75 80 85 90 95 100 105 110 115 120 125
BW, kg
C
u
m
u
l
a
t
i
v
e
 
B
F
 
a
c
c
r
e
t
i
o
n
,
 
m
m
0.00
0.05
0.10
0.15
0.20
0.25
0.30
0.35
0.40
0.45
0.50
D
a
i
l
y
 
B
F
 
a
c
c
r
e
t
i
o
n
,
 
m
m
/
d
CL, cumulative SL, cumulative CL, daily accretion SL, daily accretion
 
Figure 3. Cumulative and daily backfat (BF) accretion estimated from serial ultrasonic measures throughout the performance 
testing period for 2 lines of Duroc pigs. 
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Figure 4. Cumulative and daily intramuscular fat (IMF) accretion estimated from serial ultrasonic measures throughout the 
performance testing period for 2 lines of Duroc pigs. 
 
 
 
152 
 -0.6
-0.4
-0.2
0
0.2
0.4
0.6
0.8
1
70 75 80 85 90 95 100 105 110 115 120 125
BW, kg
D
a
i
l
y
 
a
c
c
r
e
t
i
o
n
 
r
a
t
e
BW IMF BF LMA
 
Figure 5. Standardized daily accretion rates of BW, intramuscular fat (IMF), backfat (BF), and LM area (LMA) estimated 
throughout the performance testing period using serial measures for an unselected control line of Duroc pigs. 
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Figure 6. Standardized daily accretion rates of BW, intramuscular fat (IMF), backfat (BF), and LM area (LMA) estimated 
throughout the performance testing period using serial measures for a purebred line of Duroc pigs selected for intramuscular fat 
percentage. 
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CHAPTER 7. 
 
GENERAL SUMMARY 
 
Due to the evolution of value-added markets that focus on meat quality, genetic 
improvement of intramuscular fat is likely to be further emphasized in swine breeding 
programs.  At the present state of technology, intramuscular fat percentage (IMF) can be 
accurately evaluated in live pigs and utilized in conjunction with sib carcass data for 
estimation of breeding values for intramuscular fat.  Within the population under study, 
selection on IMF EBV has yielded a significant phenotypic change in all measures of 
IMF.  Results from this study illustrate that phenotypic improvement of IMF may 
correspond to an increase in objective tenderness, and shed light into the possible 
ramifications of this response in measures of carcass composition.   
Heritability estimates detected for carcass composition, meat quality, and sensory 
measures, indicate that improvement in these traits may be attained if adequate selection 
pressure is applied.  The direct genetic response in IMF measures observed in the select 
line corresponded to a significant decrease in EBV for carcass loin muscle area of -0.90 
cm2 per generation and an increase in carcass backfat EBV of 0.98 mm per generation.  A 
smaller, yet significant, change in additive breeding value for similar ultrasound 
measures was also found for the select line.  The genetic trends for measures of carcass 
composition underline the genetic correlations between IMF and these traits described 
earlier.  A small per-generation increase in age at offtest EBV was detected in the select 
line, indicating that additive genetic merit for growth has been adversely affected by 
selection for increased IMF.  No correlated genetic responses were detected for 
subjective color and pH and are in agreement with estimated genetic correlations.  
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Selection for IMF has led to more desirable EBV for objective tenderness and had an 
adverse effect on additive genetic merit for objective loin color.  As implied by the 
genetic correlation estimated between IMF measures and sensory evaluations of flavor, a 
positive correlated genetic response was found for pork flavor.  A correlated response in 
sensory traits of tenderness and juiciness was not found, and agrees with estimated 
genetic correlations between these traits and both measures of IMF.  Estimates obtained 
within the current population illustrate that substantial genetic relationships exist between 
many economically relevant traits.   
A significant amount of phenotypic variation in intramuscular fat within the 
control line was described by the melanocortin-4 receptor (MC4R) genotype and a novel 
BsrfI SNP within the heart fatty acid binding protein (FABP3) gene.  Polymorphic sites 
within FABP3 were significantly associated with IMF breeding value in both lines 
investigated.  Variations in gene effects between lines found in this study indicate that 
possible epistatic effects within different background genomes exist among different 
swine populations.  Due to non-significant associations detected within this population, 
genetic markers for the delta-like 1 gene (DLK1) and transcription factor 7 like 2 
(TCF7L2) gene are not currently recommended for selection in Duroc swine.  Existence 
of MC4R and FABP3 mutations may be useful markers in MAS schemes aimed at IMF 
improvement, provided that gene effects are segregating and the presence of an 
association is detected within the population.   
This investigation has provided insight to changes in relative growth of muscle 
and different adipose tissues that may result from genetic selection for increased 
intramuscular lipid content.  Results indicate that lines that differ in their genetic level for 
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IMF may require different management and nutritional programs for optimum production 
efficiency.  Deposition rates of backfat and loin muscle area for the control line in the 
current study provide useful factors for adjustment of performance measures separately 
by sex to a constant live weight.  However, daily intramuscular fat deposition rates for 
the CL indicate that no adjustment is needed within the weight range investigated in this 
study.   
In conclusion, intramuscular fat may be used in swine breeding programs as an 
indicator of general product palatability; however, sensory characteristic improvements 
are likely to be slow when simultaneous improvements in other trait categories are also 
pursued.  As demonstrated within this thesis, ultrasound technology may provide a less 
expensive and non-invasive method for genetic improvement of IMF and other meat and 
eating quality components.  In the case of future packer buying programs that emphasize 
muscle quality, the information from this thesis should assist producers in the design of 
breeding programs to meet specific incentive-based markets.  The organization of the 
breeding scheme described in this work is limited to intense selection for one trait, which 
provides a clear illustration that significant genetic gain can be attained for measurable 
quality traits with sufficient heritability and genetic variation.  The model of genetic 
improvement used here also demonstrates that many correlated changes throughout the 
production chain are also affected, many of which are antagonistic in nature.  
Consequently, the gain in aggregate genetic merit from breeding programs that place 
considerable emphasis on meat quality components is defined by the market system used 
along with the corresponding genetic relationships among traits that have an economic 
consequence.  Opportunities not only exist for the genetic control of correlated measures 
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through the use of economic index selection; however, this work also illustrates that a 
further understanding of the underlying deposition of certain tissues may allow producers 
to establish optimum management strategies of certain genotypes.  
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APPENDIX  
 
SUPPLEMENTARY TABLES 
 
Table I. Measures of accuracy of prediction of intramuscular fat (IMF) with the use of 
ultrasound estimated from generations four through six (n = 453) of the IMF selection 
experimenta 
Accuracy measure Estimate 
Standard error of predictionb 1.18 
Product moment correlation 0.62 
Spearman rank correlation 0.65 
Average difference (bias)c 0.84 
aDetails of measurement method can be found on pages 48 and 49; Prediction model used for prediction of 
intramuscular fat can be found in Schwab and Baas (2006). 
bStandar error of prediction = 
( )
1
2
−
−−∑
n
biascarcasspredicted
 
cAverage difference is calculated as the ultrasound measure minus the carcass measure. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 171 
Table II. Estimates of phenotypic variance ( 2pσ ), animal genetic variance ( 2aσ ), 
permanent environmental variance of litter ( 2lσ ), and heritability (h2) from single trait 
analyses 
Traita 2pσ  2aσ  2lσ  h2 
CIMF   1.74   0.93   0.04 0.53 
UIMF   0.59   0.19   0.03 0.32 
AGE 91.06   8.07 79.94 0.09 
CBF 22.26 11.88   3.24 0.53 
UBF 12.97   7.51   0.63 0.61 
CLMA 19.26 12.42   0.78 0.64 
ULMA 15.35   7.89   0.90 0.51 
C   0.35   0.09 - 0.27 
HUN   5.83   3.05 - 0.52 
pH   0.02   0.01 - 0.37 
INST   0.77   0.18 - 0.23 
JS   1.39   0.05 - 0.04 
TS   1.79   0.28 - 0.16 
FS   1.21   0.22 - 0.18 
aCIMF = carcass intramuscular fat percentage; UIMF = ultrasound intramuscular fat percentage; AGE = 
days of age at off-test; CBF = carcass tenth-rib backfat; UBF = ultrasound tenth-rib backfat; CLMA = 
carcass tenth-rib loin muscle area; ULMA = ultrasound loin muscle area; C = subjective color score; HUN 
= 48 h Hunter L score; pH = 48 h pH; INST = Instron tenderness; JS, TS, and FS = sensory taste panel 
evaluations of juiciness, tenderness, and flavor, respectively. 
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Table III. Estimates of genetic variance (diagonal) and covariance (off-diagonal) 
obtained from a 5-trait analysis in a population of purebred Duroc swine 
Traita CIMF UIMF AGE UBF ULMA
CIMF 0.55     
UIMF 0.28 0.18    
AGE 0.25 0.12 0.63   
UBF 0.88 0.60 -0.81 7.60  
ULMA -0.31 -0.32 0.28 -2.19 7.90 
aCIMF = carcass intramuscular fat percentage; UIMF = ultrasound intramuscular fat percentage; AGE = 
days of age at off-test; UBF = ultrasound tenth-rib backfat; ULMA = ultrasound loin muscle area. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 173 
Table IV. Estimates of common environmental variance (diagonal) and covariance (off-
diagonal) obtained from a 5-trait analysis in a population of purebred Duroc swine 
Traita CIMF UIMF AGE UBF ULMA
CIMF 0.11     
UIMF 0.01 0.03    
AGE 0.66 0.15 48.03   
UBF -0.07 0.04 -1.06 0.65  
ULMA -0.08 0.00 -2.73 -0.02 0.97 
aCIMF = carcass intramuscular fat percentage; UIMF = ultrasound intramuscular fat percentage; AGE = 
days of age at off-test; UBF = ultrasound tenth-rib backfat; ULMA = ultrasound loin muscle area. 
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Table V. Estimates of residual variance (diagonal) and covariance (off-diagonal) 
obtained from a 5-trait analysis in a population of purebred Duroc swine 
Traita CIMF UIMF AGE UBF ULMA
CIMF 0.95     
UIMF 0.18 0.38    
AGE 0.11 0.01 6.69   
UBF 0.64 0.39 0.62 4.78  
ULMA -0.27 -0.16 -0.64 -0.65 6.57 
aCIMF = carcass intramuscular fat percentage; UIMF = ultrasound intramuscular fat percentage; AGE = 
days of age at off-test; UBF = ultrasound tenth-rib backfat; ULMA = ultrasound loin muscle area. 
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Table VI. Estimates of correlations among common environmental effects (±SE) 
obtained from a 5-trait analysis in a population of purebred Duroc swine 
Traita CIMF UIMF AGE UBF 
UIMF 0.13    
 (0.27)    
AGE 0.29 0.12    
 (0.17) (0.10)   
UBF -0.26 0.29 -0.19  
 (0.31) (0.16) (0.10)  
ULMA -0.24 -0.01 -0.40 -0.02 
 (0.27) (0.17) (0.09) (0.16) 
aCIMF = carcass intramuscular fat percentage; UIMF = ultrasound intramuscular fat percentage; AGE = 
days of age at off-test; UBF = ultrasound tenth-rib backfat; ULMA = ultrasound loin muscle area. 
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Table VII. Estimates of residual correlations (±SE) obtained from a 5-trait analysis in a 
population of purebred Duroc swine 
Traita CIMF UIMF AGE UBF 
UIMF 0.31    
 (0.05)    
AGE 0.04 0.01   
 (0.07) (0.04)   
UBF 0.30 0.29 0.11  
 (0.07) (0.04) (0.06)  
ULMA -0.11 -0.10 -0.10 -0.12 
 (0.07) (0.04) (0.05) (0.05) 
aCIMF = carcass intramuscular fat percentage; UIMF = ultrasound intramuscular fat percentage; AGE = 
days of age at off-test; UBF = ultrasound tenth-rib backfat; ULMA = ultrasound loin muscle area. 
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Table VIII. Estimates of genetic variance (diagonal) and covariance (off-diagonal) 
obtained from a 12-trait analysis in a population of purebred Duroc swine 
Traita CIMF UIMF AGE CBF CLMA C pH HUN INST JS TS 
CIMF 0.62           
UIMF 0.29 0.18          
AGE 0.18 0.11 2.19         
CBF 0.96 0.72 0.55 8.36        
CLMA -1.01 -0.58 -0.97 -7.51 11.49       
C -0.04 0.01 0.14 0.06 -0.02 0.11      
pH 0.00 0.01 -0.02 -0.05 0.03 0.02 0.01     
HUN 0.76 0.24 0.00 1.87 -2.61 -0.51 -0.09 3.37    
INST -0.12 -0.05 0.45 -0.52 0.41 0.05 -0.01 -0.34 0.23   
JS 0.05 0.02 0.09 -0.11 0.13 0.05 0.02 -0.20 -0.05 0.13  
TS 0.10 0.01 -0.26 0.07 0.08 -0.03 0.02 0.22 -0.23 0.16 0.36 
aCIMF = carcass intramuscular fat percentage; UIMF = ultrasound intramuscular fat percentage; AGE = 
days of age at off-test; CBF = carcass tenth-rib backfat; CLMA = carcass tenth-rib loin muscle area; C = 
subjective color score; HUN = 48 h Hunter L score; pH = 48 h pH; INST = Instron tenderness; JS, TS, and 
FS = sensory taste panel evaluations of juiciness, tenderness, and flavor, respectively. 
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Table IX. Estimates of common environmental variance (diagonal) and covariance (off-
diagonal) obtained from a 12-trait analysis in a population of purebred Duroc swine 
Traita CIMF UIMF AGE CBF CLMA 
CIMF 0.10     
UIMF 0.01 0.03    
AGE 0.80 0.18 47.60   
CBF 0.12 0.02 0.28 3.30  
CLMA -0.05 -0.04 -1.06 -1.22 0.54 
aCIMF = carcass intramuscular fat percentage; UIMF = ultrasound intramuscular fat percentage; AGE = 
days of age at off-test; UBF = ultrasound tenth-rib backfat; ULMA = ultrasound loin muscle area. 
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Table X. Estimates of residual variance (diagonal) and covariance (off-diagonal) 
obtained from a 12-trait analysis in a population of purebred Duroc swine 
Traita CIMF UIMF AGE CBF CLMA C pH HUN INST JS TS 
CIMF 0.92           
UIMF 0.18 0.38          
AGE 0.11 0.02 5.90         
CBF 0.87 0.44 -0.70 9.39        
CLMA -0.59 -0.23 0.38 -0.90 6.82       
C 0.01 -0.01 -0.06 0.10 -0.23 0.25      
pH 0.00 0.00 0.03 0.11 -0.05 0.03 0.01     
HUN 0.36 0.18 0.32 -0.62 0.88 -0.41 -0.12 3.31    
INST -0.08 -0.07 -0.22 -0.40 0.18 -0.11 -0.03 0.30 0.56   
JS 0.11 0.08 0.04 0.80 -0.24 0.07 0.04 -0.17 -0.27 1.29  
TS 0.13 0.12 0.00 1.08 -0.52 0.11 0.05 -0.48 -0.45 0.77 1.50 
aCIMF = carcass intramuscular fat percentage; UIMF = ultrasound intramuscular fat percentage; AGE = 
days of age at off-test; CBF = carcass tenth-rib backfat; CLMA = carcass tenth-rib loin muscle area; C = 
subjective color score; HUN = 48 h Hunter L score; pH = 48 h pH; INST = Instron tenderness; JS, TS, and 
FS = sensory taste panel evaluations of juiciness, tenderness, and flavor, respectively. 
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Table XI. Estimates of correlations among common environmental effects (±SE) 
obtained from a 12-trait analysis in a population of purebred Duroc swine 
Traita CIMF UIMF AGE CBF 
UIMF 0.19    
 (0.27)    
AGE 0.36 0.14   
 (0.17) (0.10)   
CBF 0.20 0.08 0.02  
 (0.31) (0.20) (0.11)  
CLMA -0.22 -0.33 -0.21 -0.92 
 (0.68) (0.48) (0.28) (0.61) 
aCIMF = carcass intramuscular fat percentage; UIMF = ultrasound intramuscular fat percentage; AGE = 
days of age at off-test; UBF = ultrasound tenth-rib backfat; ULMA = ultrasound loin muscle area. 
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Table XII. Estimates of residual correlations (±SE) obtained from a 12-trait analysis in a 
population of purebred Duroc swine 
Traita CIMF UIMF AGE CBF CLMA C pH HUN INST JS TS 
UIMF 0.31           
 (0.05)           
AGE 0.05 0.01          
 (0.08) (0.04)          
CBF 0.30 0.23 -0.09         
 (0.09) (0.07) (0.10)         
CLMA -0.23 -0.15 0.06 -0.11        
 
(0.11) (0.08) (0.11) (0.14)        
C 0.01 -0.03 -0.05 0.06 -0.18       
 (0.08) (0.06) (0.08) (0.10) (0.12)       
pH 0.05 0.02 0.09 0.32 -0.17 0.48      
 (0.10) (0.08) (0.10) (0.13) (0.15) (0.08)      
HUN 0.21 0.16 0.07 -0.11 0.18 -0.45 -0.58     
 (0.11) (0.08) (0.11) (0.15) (0.18) (0.09) (0.09)     
INST -0.12 -0.15 -0.12 -0.18 0.10 -0.30 -0.31 0.22    
 (0.09) (0.06) (0.09) (0.10) (0.12) (0.09) (0.10) (0.13)    
JS 0.10 0.12 0.02 0.23 -0.08 0.13 0.29 -0.08 -0.31   
 (0.07) (0.06) (0.07) (0.09) (0.10) (0.08) (0.08) (0.10) (0.07)   
TS 0.11 0.16 0.00 0.29 -0.16 0.18 0.36 -0.21 -0.49 0.55  
 (0.08) (0.06) (0.08) (0.09) (0.11) (0.08) (0.08) (0.11) (0.06) (0.05)  
FS 0.28 0.20 0.07 0.24 -0.20 0.27 0.45 -0.13 -0.26 0.20 0.32 
 
(0.07) (0.05) (0.07) (0.09) (0.10) (0.07) (0.07) (0.10) (0.07) (0.06) (0.06) 
aCIMF = carcass intramuscular fat percentage; UIMF = ultrasound intramuscular fat percentage; AGE = 
days of age at off-test; CBF = carcass tenth-rib backfat; CLMA = carcass tenth-rib loin muscle area; C = 
subjective color score; HUN = 48 h Hunter L score; pH = 48 h pH; INST = Instron tenderness; JS, TS, and 
FS = sensory taste panel evaluations of juiciness, tenderness, and flavor, respectively. 
 
 
 
 
 
 
 
 
 
